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Abstract
This series of experiments is designed to understand the development and chemistry of
sickle gloss. Sickles are common in the archaeological record and have long been studied for
their eponymous “sickle gloss”. There is debate as to how this gloss is formed. Five
experimental sickles containing flint and novaculite blades were used to harvest high and low
moisture content rye and common fescue and associated field weeds. The differences in the
development of sickle gloss were examined. High moisture content plants create thick, smooth
fields of polish with undulating, billowing margins at a higher developmental speed. Low
moisture content plants generate thin, scratch fields of polish with flat, tapering margins at a
lower developmental speed. The speed of development and appearance of the polish is also
linked to the type of stone. Flint blades generate polish at a faster rate with a thicker appearance
than do novaculite blades on the same sickle. There is a statistically significant difference in the
width of striations when comparing type of plant and moisture content of the plant. Three steel
blades were polished to three levels of grit: a rough file, 220 grit, and 1000 grit. They were used
to cut high moisture content plants for 3 hours. Each blade was found to have sickle polish
layers. The surface variance changes the location of initial polish development and the
appearance of nascent polish. Initial development occurs on peaks of the microtopography a few
microns away from the cutting edge. Surfaces with higher variance exhibit polish with a
mounding characteristic while surfaces with lower variance exhibit thin fields of polish. Cross
sectioning the stone blades for analysis with LA-ICP MS shows a clear spatial distribution in
ions associated with plant metabolism in instances of high moisture content contact. The spatial
distribution is less clear in instances of low moisture content contact. Mechanical removal of
material near the edge of the blade showed no meaningful oxygen isotopic signal. Use of a more

refined sampling method is recommended. For raw LA-ICP MS data of the cross sectioned
blades and the plant samples please see the supplemental documents.
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Introduction
The shift in subsistence methods from hunter-gatherer models to the more sedentary
agriculture-based models brought with it, among many things, the widespread distribution and
use of stone sickles or reaping knives. Stone sickles, either consisting of a singular blade
commonly referred to as a “reaping knife” or a series of blades hafted into some backing matrix,
either wood, bone, or antler, seem to coincide with the development of domesticated grains.
Somewhere around 10,000 BCE these tools make their appearance in the archaeological record.
These tools allowed for the efficient harvesting of grains from the surrounding environment. In
keeping with the recursive relationship of culture and the environment, sickles likely played a
pivotal role in forming the domesticated shape of the grain cultivars that we know today.
Archaeologists are no stranger to sickles. The tool, with a presence in some iteration
known within the literature in North America, Europe, Africa, and Asia, has been a matter of
much interest to archaeologists since the early 1900’s (Belfer-Cohen, 1991; Curwen, 1930, 1935;
Clark, 1995; Harlan, 1967; Heizer, 1951; Perino, 1990; Spurrell, 1892). This is primarily due to
the intense interest in the so called “Fertile Crescent” of the Levant, however much interest has
been shown to be due to the macroscopically visible use-wear that seems to be a hallmark of the
tool. This use-wear shows up as a highly reflective sheen coating the surface of the blade,
extending from the edge inwards towards the haft or the middle section of the tool-stone
(Curwen, 1930, 1935; Unger-Hamilton, 1985; Witthoft, 1967). Early records of encounters with
this sheen caused much speculation as to the nature of its development (Unger-Hamilton, 1984).
This area and time period was, and still is, of much interest to the global community as
little is known about the impetus behind the shift in subsistence strategy, and its subsequent
developments in the archaeological record. As such, the mechanics of sickle polish development
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and their relation to plant exploitation is of much interest. Many have wondered as to the causeand-effect relationship between agriculture, craft specialization, and increasingly complex social
structure (Bender, 1975). Some believed that the complex harvesting tool was a direct
representation of the changing times, while others believed it to be the result of those changes
(Maeda et al., 2016). Others believed the tool to be a staple of prehistoric life, seeing constant
use, while others maintained that harvesting could be done without the blades (Harlan, 1967).
Eventually, with the advent of microscopic use-wear studies in the 1960’s starting with the
release of Semenov’s (1964) groundbreaking work, the argument spilled over into what was
causing the development of the ubiquitous sheen, commonly called “Sickle Gloss” (UngerHamilton, 1984).
Around the same time that archaeologists were beginning to see the importance of sickles
and their associated wear traces, botanists began to remark on the nature of phytoliths.
Phytoliths, literally meaning “plant stone” and commonly called “plant opal”, are silicate bodies,
composed of amorphous silica, created by plants during their life cycle (Piperno, 2006; Piperno
et al, 1999). Early work with phytoliths showed their presence within many taxa in the plant
kingdom. This paved the way for archaeobotanists to begin to figure out human and plant
interactions through a combination of palynological and phytolithic analysis (Piperno, 2006;
Persall, 2015). Prior to this development, archaeologists were limited to interpreting charcoal or
waterlogged remains (Zohary and Hopf, 1993). Phytolith analysis allowed for a much more
holistic interpretation within archaeological contexts.
The nuclear age brought with it the ability to read isotopic signatures within material.
Isotopes, different forms of atoms, allowed for a slightly more fundamental understanding of our
environment. Stable isotopes, isotopes that are not radiogenic, allowed for a better
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understanding of the various physical forces which control our world. Carbon isotope analysis
showed scientists the development of different photosynthetic pathways (McInerney et al.,
2011). Oxygen isotopes shed light on the control temperature exerted on the water cycle
(Dansgaard, 1997; Shackleton, 1967, 1969). Nitrogen and Sulfur both illustrated nutrient uptake
systems within the food web (Zhao et al., 2016; Lopes and Araus, 2006). These isotopic
signatures were quickly utilized by archaeologists. It is a great benefit to simply be able to gain
an absolute date for organic matter through radiocarbon dating but being able to understand the
climate at the time was a huge boon. Some archaeobotanists applied isotopic analysis to
phytoliths while others worked within residue analysis. Still others applied the technique in the
search for the origin of agriculture and its cultivars (Barton et al, 2009).
It is well known that sickles accrue use-wear through the act of harvesting (Kay, 2014;
Unger-Hamilton, 1985; Witthoft, 1967). This gloss appears to accumulate and cure rapidly. In
the process, it becomes cemented to the surface of the stone and appears to be physically and
chemically resistant to removal (Kay, 2014). This sickle gloss has been argued to be composed
of the moisture and amorphous silica contained within the plant (Anderson, 1980; AndersonGerfaud, 1983; Kay, 2014; Unger-Hamilton, 1984). Some archaeologists have argued that
phytoliths from the plant are visible within the sickle gloss (Anderson, 1980). It may therefore
be possible to examine accumulated sickle gloss laminates at a microscopic level for the
purposes of finding taxonomically diagnostic phytoliths as well as hidden isotopic signatures
created by the plants harvested. Any project seeking to undertake this task must approach the
topic holistically, examining the place sickles have carved out for themselves in human history
through domestication, the nature of phytoliths, the creation of the sickle gloss, and laser ablation
mass spectrometry and its potential application to the isotopic composition of sickle gloss as well

3

as its interpretation. Context is king within archaeology, and it is no different with this project.
Information trapped within the sickle gloss may very well provide a more holistic context of the
site within the record of humanity.
Domestication
For most of human history hunting and gathering was the predominant subsistence
method. The shift from the hunter-gatherer lifestyle to agriculture-based subsistence is of much
interest to archaeologists. It represents, at its fundamental level, the shift from food procurement
to food production, whereby humanity takes control of food resources and alters our relationship
with nature. This shift was neither simple nor quick, likely taking place in pulses throughout the
various agricultural centers of the world (Bender, 1975; Gilbert and Mielke, 1985; Wang et al.,
2016; Zohary and Hopf, 1993). Evidence suggests that humans did not just become sedentary
through domestication, but rather that domestication occurred within the seasonal round
structures of hunter-gatherer resource utilization (Maeda et al., 2016; Moore, 1994; O’Sullivan,
2001). It is during this shift that evidence for domestication, which is the alteration of an
organism on the genetic level to suit humanity’s needs, of both animals and plants first appears.
It has long been thought that domestication led to craft specialization in humanity, but this may
not be the case (Maeda et al., 2016).
Around 10,000 years ago in the Fertile Crescent the earliest evidence for exploitation of
wild barley, Hordeum spontaneum, appears in the archaeological record (Banning, 1998;
Dimbleby, 1967; Zohary and Hopf, 1993). It is unknown why humans began to exploit grass
seeds, but the impact of this shift was felt relatively quickly. Wild wheat, in the form of Einkorn
or Emmer wheat, Triticale monococcum and Triticale turgidum respectively, followed suit
shortly, with rye, Secale cereal, and oats, Avena sativa, appearing last in the record. Since then,
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humanity’s relationship with grass has expanded extensively. Some species are now
domesticated due to their construction, craft, or production values while others for their niche
food value (Zohary and Hopf, 1993). While wheat and barley were likely targeted for
domestication, evidence suggests that rye and oats were domesticated accidentally as they
infiltrated crops as weeds. Domestication of these plants was likely quick, on the order of four
or five generations of the plant, yielding domesticated barley, H. vulgare, wheat, T. aestivum,
rye, and oats. These plant species began their life on this planet as wild field grasses with large
seeds. The rachis, the branch of tissue connecting the glume of the inflorescence to the stem
body of the plant, of these wild grasses was quite thin and fragile. This was the primary seed
dispersal mechanism of these plants, as the rachis was often fragile enough to shatter upon the
lightest touch of a passing animal or even a stiff breeze. The effect of this fragility on the first
human harvesting efforts was likely decreased total edible yield (Bender, 1975; Zohary and
Hopf, 1993). Using a reaping knife is thought to have increased the total yield as it lessens the
possibility of shattering the rachis (Bender, 1975).
Some plants within wild fields experienced random mutations which thickened the rachis,
perhaps quite frequently. Left to natural selective pressures, these mutations would have been
quickly selected against, leaving the normal state of a fragile rachis. Human harvesting efforts
unconsciously selected for the plants with a less fragile rachis, thereby increasing this trait’s
propagation. Within four or five generations the effect would have been profound enough to
have created domesticated versions of the grain similar to the ones consumed today with robust
rachises (Bender, 1975; Zohary and Hopf, 1993). While hand harvesting of the grains is possible
and reasonably efficient, often by bending the stalks down towards the ground during growth to
prevent seed loss, sickles have been shown to increase the speed at which grains may be
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harvested while also harvesting enough of the plant for secondary uses such as fodder or craft
supplies. (Bender, 1975; van Gijn et al, 2014)
The rachis was not the only modification domestication bestowed upon these plants.
Humanity’s efforts created variants on the traditional cultivars. These new cultivars increased
food yield of the plants while also, in some cases, decreasing energy expenditure during
processing. Two row barley and wheat changed into three or six row, increasing the fertile
inflorescences on the plant. Additionally, the glumes and spikelets were selected against,
eventually leading to the creation of naked, or hulless, seeds which would have greatly simplified
the threshing process. Stronger self-tillering, the process by which plants grow plumb to the
ground, was another selective pressure applied by humanity on the grains, as more upright stalks
are not only easier to harvest but increase the light exposure of the plant in the field setting
(Bender, 1975; Zohary and Hopf, 1993). Perhaps, though, the most profound change in the
process was the maturation of the grain. Wild grain necessitates harvesting occur before
complete maturation, while the grain is still green and fairly moist. Their domesticated
counterparts, however, may be harvested when the grain is fully ripe, maximizing the starch
content which thereby increases the sugar content of the seeds (Anderson, 1999; Ibáñez et al.,
2014; Ibáñez et al., 2016; Ibáñez et al., 2021; Pichon et al., 2021).
During this time, the exploitation of wild plants did not cease. As well as harvesting wild
stands of grain, wildflowers and weeds were harvested for ritualistic reasons, to produce fiber, to
produce natural dyes, or for medicinal use (Deckers et al, 2009; Dimbleby, 1967; Fairbairn,
2002; Fairbarin et al, 2002; Lucarini et al., 2016; Pichon et al., 2021; Power et al, 2013; Riehl et
al, 2012; Ryan, 2011). Additionally, the seeds of domesticated grains are not the only useful
part of the plant. The chaff, or stems, of the plant may be used as weaving material for basketry
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or mats. Stems might also be used to temper clay after the transition into ceramics, or for
building material in the form of daub. The stems may also take the form of hay for comfort or
insulation, or fodder for domesticated animals. Additionally, plants were often harvested for
ritual or medicinal use. Asteraceae, prodigious phytolith producers, are often consumed for
medicinal effects (Moerman et al, 1999). The use of plants as medicines is a long-standing
behavior in primates and humans are no exception, often consuming plants not as food items but
as medicines (Huffman, 2001).
This shift in subsistence strategies, from food procurement to food production, represents
a shift in land management strategies as well. It is possible that these events happened in cycles
that were managed by climate changes (Rosen and Rivera-Collazo, 2012). Grain grows best in
areas with access to water, be it in the form of nearby streams or groundwater. It was likely of
benefit to abandon the more rocky or arid regions of a landscape in favor of gentler slopes and
nearby rivers. Grain enjoys direct sunlight, necessitating the clearing of trees from arable land
(Bender, 1975; Zohary and Hopf, 1993). More intensive agriculture would have created the need
for storage and processing areas. Threshing and winnowing circles, areas dedicated to the
separation of grain seeds from hulls and chaff, certainly speed up the processing time, as well as
the creation of parching pits (Derrico et al, 1995; Francisco Gibaja et al, 2012). Parching pits,
clay lined pits used to dehumidify harvested grain, are often recognized by silicified or scorched
grain remains. Some sort of silage would be necessary in any area with intensive agricultural
practice to store the accumulated grain. Reaping knives and sickles are often numerous at this
point within the archaeological record, depending on stone availability (Gibaja et al, 2017). The
appearance of threshing and winnowing circles often coincides with an abundant supply of
threshing sled or tribulum blades in the record. These blades have polish similar to that of
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sickles but it is often more extensively developed. In areas with decreased stone availability or
other similar pressures, evidence shows that sickle blades saw intensive use for longer periods of
time. Fewer blades are recovered from these areas, but those that are found often have extensive
use-wear (Goodale et al, 2009). These archaeological features are often thought of as hallmarks
of the process of civilization, but they owe their existence to the changes brought about by
domestication.
Phytoliths
All members of Poaceae generate phytoliths during their lifespan (Dunn et al, 2015; Geis,
1978; Lu and Liu, 2003; Pearsall, 2015; Piperno, 2006; Whang et al, 1998). Plants generate two
different forms of phytoliths. One form, commonly developed within the plant’s body, is a
silicified skeleton structure within the cell walls. This type of phytolith increases the structural
strength of the plant. The second type of phytolith is actively produced by the plant within
certain cell structures. Both phytoliths are composed of amorphous silica. The first type of
phytolith is essentially a cast of the shape of the cell, allowing for, upon recovery, identification
of the species. These identifications tend to take into account the type of waves, or crests, of the
phytolith and the spacing between them. The second type of phytolith has been shown to be
diagnostic to a species level when compared against extensive assemblages (Ball et al, 1999;
Ball et al, 2009; Fredlund and Tieszen, 1994; Neumann et al, 2016; Pearsall, 1982, 2015;
Piperno, 1984, 2006; Hart et al., 2007; Hart, 2011; Russ and Rovner, 1989; Rovner, 1983;
Shillito, 2011).
Amorphous silica, a non-crystalline form of silicon dioxide containing between 4 and
10% water, exists in various concentrations within the groundwater (Pearsall, 1982; Piperno,
2006). This compound is exceedingly common, as silicon is the second most abundant element

8

within the Earth’s crust (Meunier et al, 2017). The solubility of amorphous silica is reasonably
high, exceeding that of crystalline quartz (Alexander et al, 1954; Morey et al, 1962; Morey et al,
1964). Crystalline quartz approaches equilibrium in water with a temperature dependent
function modeled by equations 1 and 2 where m and K are the solubility and T is the temperature
(Gunnarsson and Arnorsson, 2000; Rimstidt, 1997). Amorphous silica seems to have higher
solubility than its crystalline counterpart at lower temperatures modeled by equation 3
(Gunnarsson and Arnorsson, 2000).
log 𝑚 = −

1107.12(±10.77)
𝑇

− 0.0254(±0.0247) Eq 1

log 𝐾𝑞𝑢𝑎𝑟𝑡𝑧 = −34.188 + 197.47 × 𝑇 −1 − 5.851 × 10−6 × 𝑇 2 + 12.245 × log 𝑇 Eq 2
log 𝐾𝑎𝑚.𝑠𝑖𝑙𝑖𝑐𝑎 = −8.476 − 485.24 × 𝑇 −1 − 2.268 × 10−6 × 𝑇 2 + 3.068 × log 𝑇 Eq 3
In its dissolved form, available for uptake by plants, the amorphous silica exists in the form of
monosilicic acid (H4SiO4). This aqueous solution is taken up by the plant during normal
metabolic processes along with other nutrients and compounds within the soil water (Ma et al.,
2001; Ma et al., 2006). From here, the monosilicic acid is transported around the plant through
the xylem. Silica is laid down within the cell walls through the act of evapotranspiration. The
second form of phytoliths is formed through an active metabolic process not entirely understood.
Amorphous silica is deposited actively within the cytoplasm of the cell. In some cases, it seems
the organelles of the cell are systematically destroyed and resorbed in an effort to clear space for
the deposition of these phytoliths. Phytoliths of this nature take a shape decided by genetic
factors within the plant. As such, these phytoliths taxonomically identify the plant. Phytoliths
can often be found in abundance in the short cells of grasses, which create the characteristic
bilobate, saddle-shaped, and cross-shaped forms (Ball et al, 2009; Ball et al, 1999; Dunn et al,
2015; Meunier et al, 2017; Pearsall, 1982, 2015; Piperno, 2002, 2003, 2006; Piperno et al, 2002;
9

Royner, 1983). This amorphous silica is not long-term stable past about 60 million years.
Commonly, in groundwater, this amorphous silica would form opal through polymerization of
chains and then ribbons of polysilicic acid (Dyar et al., 2008).
All phytoliths appear translucent when within the plant, though recovery of the phytoliths
can show other colors or stains. Burning the phytoliths seems to cause brown tint inclusions
within the phytoliths. This is likely a result of either exposure to fire naturally or through
cooking. Phytoliths do not melt under 800 degrees Celsius, a temperature exceeding more
normal cooking endeavors. Cooking itself seems to be an excellent method of phytolith
dispersion. As the plant material is scorched or ashed, it is removed from the fire through
normal tending activities and dispersed in fine layers around the hearth (Piperno, 2006).
Phytoliths possibly evolved as both a defense mechanism and a structural component.
Inclusions of silica within the plant protect the plant from disease by sealing off any damage to
the body of the plant rapidly (Ma and Yamaji, 2006). Additionally, they limit the damage a herd
of grazing herbivores can do to a field by increasing the wear rate to dental enamel. Phytoliths
also allow the sequestration of aluminum and manganese, which negatively impact the growth of
the plant (Carnelli et al, 2002; Piperno, 2006). Perhaps counterintuitively, phytolith deposition
has been shown to increase under water stress. This causes increased rigidity in the plant
structure, allowing for maintenance of incoming sunlight levels even under wilting conditions.
Whereas deposition increases with increased evaporation, silica uptake is positively correlated
with water content and soil temperature (Katz et al., 2015; Ma and Yamaji, 2006; Meunier et al,
2017). Nutrient availability, including phosphorous and nitrogen, climatological shifts, and
herbivory also effect the uptake rate of silica by plants (Katz; 2019; Katz et al., 2015; Minden et
al., 2021).
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Of interest in the Poacea family are the cereal grains. These plants typically deposit the
highest concentrations of phytoliths in the glumes and leaves of the plant. Because of the hot
and dry habitat associated with wheats and barleys the plants seem to favor high silicification as
a result of the intense evapotranspiration. The silica skeleton phytolith allows for the
identification of wheat versus barley through the wave pattern in the silica. Wheat contains
skeletons with low, blunt waves in the long cells of the epidermis. The glume features high
rounded waves. Einkorn and Bread wheat show less regularity than Emmer wheat. Barley
creates jagged phytoliths with knobbed points or squared waves with regularity to them.
Identifying these plants to the species level requires the development of a comparative typology.
A suite of phytoliths are measured in an effort to distinguish their parent species. First, shape,
size, and surface features are determined, then these data are compared to assemblages. Three
species of wheat and two of barley, at this point in time, can be distinguished from their
phytoliths (Ball et al, 1999; Ball et al, 2009; Piperno, 2006).
So called “short cell” phytoliths, the stand-alone bodies of amorphous silica, have been
studied extensively within the Poacea family. The “Grass Phylogeny Working Group” (GPWG)
has determined through an extensive study that Pooideae, the group containing cereals such as
wheat and barley, is a distinct group phylogenetically. As such, they exhibit unique silica bodies
within their short cells. These bodies differ morphologically from the other twelve subfamilies
named in the GPWG’s findings (Piperno, 2006).
The chemical composition of phytoliths is not limited to simply SiO2. Phytoliths contain
many elements which are necessary for normal metabolic function of the plant. Phytoliths have
been known to contain aluminum, iron, manganese, magnesium, phosphorous, copper, nitrogen,
and carbon as inclusions of cytoplasm in the silica structure (Anala and Nambisan, 2015;
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Carnelli et al, 2002; Pearsall, 2015; Piperno, 2006). As such, stable isotopic measurements of the
included carbon, oxygen, and hydrogen can be read from a sufficient phytolith sample
(McInerney et al, 2011; Webb and Longstaffe, 2000). Additionally, the carbon content of
phytoliths may also be radiocarbon dated. Preparing a sample of phytoliths for radiocarbon
dating is accomplished by preparing the sample similarly to a soil sample, except that drying
should be done in a low-temperature oven instead of using any carbon containing compound to
avoid contamination (Piperno, 2006).
Phytoliths allow for the reconstruction of past environments by informing researchers of
the available vegetative species in the area (Horrocks et al, 2000; Ollendorf, 1987; Ramsey et al,
2016). The morphology of the phytolith informs the taxonomic identity of the plant, whereas the
abundance and frequency may inform the population size of the plant. Additionally, the ratio of
the forms of phytoliths in a sample have been shown to reliably indicate water stress, as the
plants make more phytoliths of certain types for structural reasons (Bremond et al, 2005).
Knowing the species of the plants at a site allows for the interpretation of the general vegetative
landscape. For example, grasses generally need high amounts of sunlight for maximum health.
As such, large amounts of grass phytoliths with low frequencies of wood or shrubs should
indicate cleared fields. When used in conjunction with other archaeobotany tools, such as pollen
analysis, the phytoliths allow for a clearer picture of the vegetation at the time. Phytoliths
recovered from dental calculus and coprolites are excellent indicators of the past diet (Gilbert
and Mielk, 1985; Herrscher, 2003; Piperno, 2006). Isotope inclusions and chemical analysis of
the phytoliths allows not only for dating of the site, but also climatological interpretation through
the oxygen and hydrogen, as well as nutrient tracking through any sulfur or nitrogen isotopes.
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Sickle Use-Wear
The dissolved amorphous silica incorporated into plant tissue is mostly thought to be the
cause of the well documented polish associated with sickle blades (Kay, 2014; Meeks et al,
1982; Unger-Hamilton, 1984). Sickle gloss has been noted within the literature since the early
1900’s (Spurrell, 1896). It wasn’t until Semenov’s work in the 1960’s, however, that
microscopic observation of the gloss became common (Semenov, 1964). Semenov’s work gave
rise to a booming field. It showed a suite of microscopic effects on stone surfaces resulting from
use. Scratches, polish, and residues became open for study (Semenov, 1964; Unger-Hamilton,
1985). From there, experiments showed a reasonable correlation between the hardness of the
contact material and the type of polish (Hayden, 1979; Henry and Odell, 1990; Keeley, 1974,
1980). Bright polish versus dimmer polish became the focus of the field. Experiments into the
reliability of the interpretations showed replicability to a reasonable extent (Odell and OdellVereecken, 1980). Analysis of lithics is perhaps best undertaken with the use of high-resolution
casts of the artifacts as they are freely moveable, easy to make, and reproduce the
microtopography of the artifact with startling fidelity (Banks and Kay, 2003). Soon a set of
protocols was developed which allowed for the systematic interpretation of use wear traces
(Hayden, 1979; Henry and Odell, 1990; Key et al, 2015; Keeley, 1974, 1980; Lerner et al, 2007;
Vaughan, 1985). Residue analysis quickly became a popular subfield of use-wear analysis as
researchers attempted to access more holistic traces of the tool’s use (Briuer, 1976; Jahren et al,
1997; Langejans, 2010). It soon became apparent that moisture content of the contact material
increased the rate of polish generation (Anderson-Gerfaud, 1983; Quintero et al, 1997). Soaked
antler, bone, and wood all seemed to generate polish quicker than their dry counterparts (Keeley,
1980). Similarly, moist plants developed polish faster than their dry versions (Ibáñez et al, 2014;
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Quintero et al, 1997). This could be the result of just increased abrasion from the dry plants, but
it is likely that abrasion was simply outweighing the addition of silica gel. The interpretation of
these use wear traces seems to have answered the question as to the cause of the sickle’s wide
presence geographically and temporally. Goodale et al. (2010) performed a study into the use
intensity of sickles. They argue that the extent of sickle sheen development alone is not a good
indicator of use intensity, as the development is largely governed by moisture content. Instead,
edge thickness should provide a reliable indicator. Through use, the edge becomes more and
more rounded as a result of the combination of edge attrition and silica gel deposition. By
measuring a set of experimental sickles of known use life and comparing them to a set recovered
archaeologically they found that the modeling equation they came up with (eq. 4) where mu is
average edge thickness. This equation has an extremely statistically significant correlation of p=
0.0096, and indicates archaeological sickles saw a much more intensive use cycle than their
experimental counterparts, with some reaching a hypothesized 200 cumulative hours of use.
This indicates that sickles were seen as an efficient counter to hand harvesting (Goodale et al,
2010).
ℎ𝑜𝑢𝑟𝑠 = −2.9316 + 0.1215 × 𝜇 Eq. 4
Some argument remains as to the nature of the macroscopically visible sheen. Originally,
the polish was thought to be caused by the abrasive forces of plant opal phytoliths moving across
the surface of the stone through the mechanical act of harvesting as they were suspended in plant
water (Hayden, 1979; Keeley, 1980). This belief remained the dominant explanation for some
time, and still exists today. Others explained the polish as the partial abrasion of the stone due to
phytoliths added to the partial dissolution and reworking of the stone surface (Anderson, 1980).
Quartz is reasonably soluble at temperatures easily achieved through friction induced heat in the
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harvesting act (Anderson, 1980; Anderson-Gerfaud, 1983). This lends some credence to that
argument. Additionally, cross sectioning the stone reveals the penetration of this polish at least
partway into the stone’s matrix (Anderson, 1980; Anderson-Gerfaud, 1983; Evans and Donahue,
2005). This, to some, seemed to prove the notion that the stone was undergoing some
remodeling force due to harvesting (Anderson, 1980).
Dissolved amorphous silica seems to be the most likely answer as to the development of
sickle gloss (Fullagar, 1991). That there is still abrasion taking place is under no argument. One
of the most common features of sickle gloss is the development of striations within the gloss
substrate (Kay, 2014; Unger-Hamilton, 1985). These scratches are likely the result of plant
material, soil particles, or phytoliths being dragged through the uncured silica gel. As such,
these striations seem to change shape as a result of the plant type harvested, height of harvesting,
and aridity at harvesting time (Unger-Hamilton, 1985; van Gijn et al, 2014). Harvesting lower,
towards the soil, tends to generate more striations, likely as a result of increased abrasive
particles adhering to the stem. Aridity, likewise, increases the number of striations (van Gijn et
al, 2014). Striations generally allow for the determination of hafting strategy and directionality
of use (Kay, 2014). Sickles may be hafted in a variety of ways. Straight sickles tend to be the
least efficient in harvesting, as much work needs to be done by the other hand in order to collect
and support the stalks of the grains for cutting. Curved sickles tend to be more efficient, with
less work necessary by the other hand as the curve tends to collect the stalks together during the
cutting motion. Blades may be fitted into the haft in a parallel manner, in which case the wear
tends to be more uniform across the edges of the blades, or in an oblique fashion, in which case
the wear tends to be concentrated on the corners of the blades. These hafting strategies may be
the result of tool stone abundance. Obliquely hafted blades require minimal retouch while
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allowing for the potential of rehafting to a different strategy, maximizing the potential use of tool
stone. This strategy might indicate low tool stone availability. Parallel hafting also allows for
retouch of the edge, but to a much more limited extent, and rehafting through the use of the
previously hafted edge. This strategy might indicate greater tool stone availability (van Gijn et
al, 2014; Goodale et al, 2010; Goodale et al, 2012; Groman-Yaroslayski et al, 2016).
Other features common to sickle gloss seem to lend credence to the argument for its
formation by silica gel deposition. Sickle gloss is often typified by regular pitting, desiccation
cracks, and crystalline filaments (Kay, 2014). The pitting and desiccation cracks may very well
be explained by the gel nature of the deposition as it pools and cures to the surface of the stone.
Anderson (1980) has claimed to be able to see a few partially embedded phytoliths within the
gloss using SEM, likely occurring as phytoliths become cemented to the silica gel as it cures.
Crystalline filaments seem to form irregularly within the polish at the end of the use motion
(Kay, 2014). Because of this, these filaments are useful for determining use direction.
Any efforts to control for abrasion should consider the height of harvesting. Any
harvesting location nearer to the soil surface will likely have a larger number of abrasive
particles. Moisture content of the plant might also be a target for control here. Higher moisture
plants will accrue gloss more rapidly, likely overcoming any abrasive force. Additionally,
abrasion itself might be a useful indicator. As striations and edge thickness increase the
likelihood of thick accruals of gloss increases. This, in conjunction with the wear stage of the
gloss, might allow for the control of abrasive factors in use-wear studies.
Sickle gloss’s development can be best described by quantizing it into 4 stages. The first
stage of development begins with a macroscopically visible band of organic detritus
accumulating from the plant a small distance back from the edge of the blade. This stage shows
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small, isolated areas of silica gel microplating localized to the edge of the blade. In wear stage
two, the organic band is still present with edge localized microplating that has reduced the
individual isolation. The third stage shows the loss of organic bands with microplating still
localized to the edge but in a fairly continuous field. The fourth and last stage (fig. 1) of sickle
gloss development shows macroscopically visible gloss with silica gel deposition overwriting
large portions of the microtopography of the stone. At this stage, edge rounding is significant
enough to have impacted the perceived efficiency of the tool and striations are numerous owing
to the large amount of softer silica gel covering the tool (Kay, 2014). This is not the only way to
quantify the use-wear on sickles. Many other approaches take into account area covered or other
quantitative metrics (Linton et al, 2016; Vardi et al, 2010).
Once the sickle gloss characteristics have been analyzed, the gloss can be interpreted
within a broader use context. The striations and crystalline filaments illustrate the kinematics of
use which can shed light on the hafting strategy (Kay, 2014). Retouch areas may illustrate the
curation of the tool (Morales and Verges, 2014). Edge thickness seems to signal the intensity of
use, with thicker edges indicating longer use life (Goodale et al, 2012; Goodale et al, 2010). And
the wear stage might be an indicator, with all else considered, of the moisture content of the
harvested material.
The notion that sickle gloss is created by the deposition of silica gel through harvesting
has abundant evidence. Steel blades, which should have minimal to no silica content, used to
harvest graminae plants still develop a crust of gloss along the edge of the blade (KaminskaSzymczak, 2002; Vaughan et al., 1987). When tested through mass spectrometry, this gloss is
chemically similar to the grasses and not the steel blade with a signature of calcium, carbon,
oxygen, chlorine, phosphorus, aluminum, silica, potassium, and sulfur (Kaminska-Szymczak,
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2002). Additionally, Evans and Donahue (2005) have cross-sectioned a stone blade and applied
laser ablation mass spectrometry to the accrued gloss at the surface of the blade. Imagery in their
study shows the gloss is clear compared to that of the stone matrix. Results of their study show a
chemical composition of the gloss similar to that of the chemical composition of phytolith bodies
in plants, with specific results studied for phosphorous and manganese (Evans and Donahue,
2005). Flint is generally quite close to pure in its composition with impurities not consisting of
silicon dioxide composing less than 5% of the mass. These impurities are usually calcite and
clay minerals (Blatt and Tracy, 1997). Finding chemical compounds different from these is a
strong indicator of the organic origin of the gloss but combined with its occurrence on non-silica
blades the evidence seems insurmountable. Interestingly, in their study into the solubility of
amorphous silica Gunnarsson and Arnorsson (2000) remark that the dissolved amorphous silica
precipitates back out of solution as amorphous silica, with no visible crystalline matrix when
tested with x-ray diffraction. This indicates that any deposited amorphous silica on stone tools
should remain amorphous.
Isotopic and Chemical Signals
The isotopic signature of the elements that the plants uptake in normal life processes are
accessible due to modern technology. Both the tissues and phytoliths that plants create contain
isotopic signals which encode information about their environment. Early research into oxygen
isotopes showed that the degree of fractionation, or discrimination of lighter isotopes versus
heavier isotopes of an element, was a function of temperature. The groundwater, originating
from precipitation as follows the water cycle, exhibits an oxygen isotope ratio controlled by
temperature and physical effects on isotopes of water during evaporation, transportation, and
precipitation, often presenting spatial or geographic distribution patterns. As hotter temperatures
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move in, the air imparts more kinetic energy to the ocean water, allowing greater amounts of
heavier oxygen isotopes to evaporate. During condensation, heavy isotopes of oxygen and
hydrogen in water preferentially partition into the liquid phase. The initial precipitation tends to
be the heaviest. Successive precipitation is composed of lighter isotopic signals as the remaining
vapor is depleted of heavier isotopes. Increasing elevation in mountains and latitude have the
same effect, with the higher elevations and latitudes showing lighter isotopic signatures, owing
to the general trend of water vapor movement from low to higher latitudes (Berger and
Killingley, 1977; Faure and Mensing, 2005; Harmon et al, 1978; Rozanski et al, 1992;
Shackleton, 1967). Research showed that isotopic signatures found in ice cores could illustrate
the ice age cycle of the planet (Charles et al, 1995; Dansgaard, 1997; Lorius, 1990). For
archaeologists, this was of great benefit, as it shed a bit more light on the transition to the
Holocene. Other stable isotopes, such as carbon and strontium, have been used since to shine
light on the different metabolic pathways of plants and animals, as well as help determine
geographic origins of samples (Bogaard et al., 2014; Webb and Longstaffe, 2000; Zhang et al.,
2015).
Isotopes are reported using delta notation. Delta notation may best be thought of as a
means of expressing the ratio of the heavy isotope to the light isotope. Equation 5 (Eq. 5) shows
the calculation for the delta value of isotopes, where R is the ratio of heavy to light isotopes. To
prevent dealing with tediously small numbers, the ratio is multiplied by 1000 and reported as per
mil (‰). These values are reported against an international standard. The Pee Dee formation
(PDB) is the standard used for carbon, and the Vienna Standard Mean Ocean Water (VSMOW)
is the standard used to report oxygen (Faure and Mensing, 2005).
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝛿 = [(𝑅

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

) − 1] × 1000 Eq. 5
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Grains, as with all plants, take up a variety of elements in their day-to-day life including
the following: boron, nitrogen, magnesium, phosphorous, sulfur, chlorine, potassium, calcium,
manganese, iron, nitrogen, copper, zinc, and molybdenum (Dawson et al, 2002; Birsin et al.,
2010; Podio et al, 2013). The plants normally discriminate against the heavier isotopes, as these
atoms take more energy to move and tend to react more slowly in chemical reactions. This
results in a fractionation factor, reported as α, which may be used to calculate the enrichment
factor, reported as ε. The main factor that seems to determine the discrimination of hydrogen
isotopes in plants is the amount of light the plant receives, with higher light levels causing the
plant to be enriched in deuterium (Yang et al, 2009). Carbon discrimination is more complex.
Plants discriminate against heavy carbon isotopes, the source of which is atmospheric
CO2, based upon their basic botanical group. This has given rise to the ability to distinguish
between so called C3 and C4 plants (Faure and Mensing, 2005; Lopes and Araus, 2006;
Macfadden et al, 1999; McInerney et al, 2011; Teulat et al, 2002). These two groups represent
different photosynthetic pathways, with C3 plants being the older, less efficient pathway. The
global average for C3 plants δ13C is -28‰, whereas C4 plants have a global average of -12.5‰
(Cernusak et al, 2013). Additionally, the plant’s age, ambient humidity, temperature, and water
stress change the discrimination factor (Centritto et al, 2009; Cernusak et al, 2013; Lopes and
Araus, 2006; Yang et al, 2009; Zhang et al, 2015). This is, perhaps, best exemplified in the
stomatal conductance of the plant. As the plants engage in photosynthesis CO2 is moved through
the plant’s stomas. The heavier isotopic carbon dioxide moves more slowly. As such, the
enrichment factor has been taken to be about 4.4‰. The carboxylation process shows a
fractionation of approximately 27‰ (Barbour et al, 2000).
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The source of oxygen isotopes in plants is groundwater. Groundwater’s isotopic signal
variance has already been discussed. The soil water is the main factor in the plant’s
discrimination, as it is the source. Evaporation enriches the water in the leaves, as the lighter
water is more easily mobilized. Additionally, biochemical reactions exert further discriminatory
effects upon the oxygen isotopic composition. Due to transpiration in the leaves, stems tend to
be depleted compared to leaf water. Cellulose has been reported to be 27‰ more enriched than
water, but the non cellulose structures of the plant vary widely (Akamatsu et al, 2014; Barbour et
al, 2000; Libby and Pandolfi, 1974; Song et al, 2011; Webb and Longstaffe, 2000).
Plants gain nitrogen through bacterial activity in the soil. The type of plant does have an
impact on the nitrogen ratio. Nitrogen may also be influenced by temperature and agricultural
methods, chief among which is fertilization. In practice, absorption of nitrogen is the limited
step in the plant’s metabolism as it is seldom more abundant than the plants’ metabolic needs.
As such, no fractionation is generally observed during uptake. This means the nitrogen signal
should reflect the soil’s nitrogen isotope composition, and by extension illustrate farming
methods (Podio et al, 2013; Subedi and Ma, 2010).
Other isotopic signatures are largely governed by the surrounding soil. Strontium ratios
are determined by the underlying geology. As such they are an excellent indicator of the origin
(Bogaard et al, 2014). Sulfur is primarily impacted by human fertilizing activity. All these
isotopic signatures allow for the discrimination of plants’ origins. The origin of wheat samples
can be determined to a reasonably fine scale, down to the area of a country. Currently, this is of
great use in efforts to reduce the adulteration of imported crops (Podio et al, 2013).
That the phytoliths produced by plants exhibit the same isotopic utility should come as no
surprise. The carbon content of phytoliths has been used to radiocarbon date samples, as it is of
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organic origin (Piperno, 2006). Additionally, the carbon may be used to shed light on past
climate conditions and vegetative cover (Cernusak et al, 2013; Piperno, 2006; Yang et al, 2009).
Hydrogen may also be recovered from phytolith samples, in which case it is interpreted in much
the same way as above (Yang et al, 2009). Much work has been done with the oxygen isotope
ratios of phytoliths.
Oxygen isotope composition of phytoliths has been shown to be representative of the
growing temperature of the plant. Phytoliths recovered from both C3 and C4 plant selections
grown under controlled conditions allowed for the development of an equation which correlated
well with actual recorded growing temperature. The δ18O values also increased from 4 to 8‰
between the leaf and stem silica inclusions as the ambient humidity decreased. The oxygen
isotope composition of the included plant silica follows an exchange model between the silica
and the groundwater values. This oxygen signal undergoes significant enrichment in the leaf and
inflorescence tissues of the plant as a result of their increased transpiration. The value spikes if
the sample is taken during midday sun exposure (Webb and Longstaffe, 2000). Equation 6 (eq.
6) is the equation used by Webb and Longstaffe (2000) in their study which models the growing
temperatures of their samples well.
𝑡(℃) = 5.8 − 2.8(𝛿𝑆𝑖𝑂2 − 𝛿𝐻2 𝑂 − 40) Eq. 6
The difficulty lies in accessing these isotopic signals within the accrued sickle polish.
Isotopic samples are measured in a gaseous form (Faure and Mensing, 2005). Typically, this is
achieved by combusting the sample. Solid samples, such as the sickle polish, do not combust
easily. As such, the application of laser ablation might be the solution. Laser Ablation
Inductively Coupled Plasma-Mass Spectrometry (LA ICP-MS) is a relatively new method within
the field of isotope analysis. The process involves using a laser, of either infrared or ultraviolet
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wavelengths, to bombard the surface of a solid and excite the material, creating an ionized gas
(Dussubieux et al, 2016; Duwe and Neff, 2007; Fatyushina et al, 2016; Resano et al, 2008;
Resano et al, 2009). The laser, typically of a diameter ranging from tens to hundreds of microns,
generates plasma within the ablation cell of the machine. This plasma is then introduced to a
carrier gas stream to travel to the ICP-MS part of the machine. The ICP-MS passes the aerosol
through a sampler cone and a skimmer cone. The first stage removes neutrons, and negatively
charged particles. Positive ions go on to the analyzers (Dussubieux et al, 2016).
Current laser technology has created wavelength ranges from 157 nm (ultraviolet lasers)
to 1064 nm. Shorter wavelength lasers have a lower energy output but generate smaller particle
sizes in the aerosol. These lasers pulse in durations ranging from the nanosecond to femtosecond
levels. Lasers in the femtosecond range, even smaller than 1 picosecond, seem to be more
suitable for LA ICP-MS. The wavelength of the laser influences fractionation of the sample,
with ultraviolet lasers in a vacuum producing better results, as the laser energy is more easily
absorbed, and aerosol size is reduced allowing for easier transport of the gas. The ablation cell is
singularly important, as it must facilitate the transport of as much of the aerosol as possible
(Dussubieux et al, 2016; Resano et al, 2008).
Error may be introduced at any point in the process. The performance parameters of
isotope analysis are threefold. Reported accuracy informs the proximity of the value to the likely
true value. Precision is broken up into two sections. Internal precision is the reported
performance values of the mass spectrometer. External precision is a value indicating the
reproducibility of the process. Sensitivity and ionization efficiency change the recorded values
based upon the machinery used (Fatyushina et al, 2015; Faure and Mensing, 2005; Jardine and
Cunjark, 2005).
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Methods for minimizing the associated errors in LA ICP-MS have been discussed at
length within the field. More stable lasers, lasers whose radiation is more consistent from one
pulse to the next, increase the reproducibility of the results. These lasers are “pumped” with
semiconductors. Additionally, the detector used should have a wide dynamic range of ion
currents, high time resolution, low intrinsic noise, and quick relaxation of the detector. Ion packs
are unavoidable yet skew the results if the detector cannot adjust quickly after their passing. As
natural samples are often not perfectly homogenous, the sample itself may induce some error in
the form of variability. Reporting analytical error in papers should include both the measures of
precision and accuracy. The values reported should account for repetition. Additionally, quality
control can be optimized by submitting blind replicates and running samples in duplicate where
possible to account for sample variance (Fatyushina et al, 2015).
Evans and Donahue (2005) utilized LA ICP-MS on cross sectioned blades to determine
the elemental composition of sickle gloss. They chose to use LA ICP-MS as it is minimally
destructive and allows for targeting of small areas while detecting concentrations at an extremely
low level. For their study they used a MicroProbe II ND:YAG ultraviolet laser ablation system
with a wavelength of 200 nm. Power output of the laser was set at 4 mJ with a speed of 30
microns per second travel time. The diameter of the laser was set to 50 microns and its depth to
5 microns to avoid spot drilling into the stone. To minimize error, they ran three runs with 60
sweeps of each run. For their study, they targeted manganese as it is an essential element in
plants. Their results showed that even with cleaning of the blades prior to analysis, the polish
still contained the elemental signature of its use origin (Evans and Donahue, 2005). The
applications to a potential study into the isotopic composition of sickle use wear are obvious.
Results from their study show the feasibility of applying LA ICP-MS to sickle polish, though
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cross-sectioning a blade may not always be desired. The ability of the laser to limit its depth is
the critical variable in the application of this technology to the study of sickle polish. The
laminate layers of sickle polish tend to be relatively thin, even at higher development stages,
though somewhat extensive (Anderson, 1980; Anderson-Gerfaud, 1983; Kay, 2014). A laser
bore depth of approximately 5 microns may be too deep for underdeveloped polish accruals. For
this reason blades with a use wear development stage of 3 or higher should be selected for
application of laser ablation, though stage 4 is preferred. Additionally, the edge of the blade
should be targeted first, as it is likely the thickest accrual of polish (Goodale et al, 2010;
Goodale, et al, 2012). A better target of laser depth would be approximately 3 microns. This
issue may be bypassed by cross sectioning the blade as long as the diameter of the laser may be
sufficiently fine-tuned to target only the polish at the boundary of the stone.
Examining the Series of Experiments
A project seeking to examine the environmental and climatological signals embedded in
sickle polish would thrust use-wear into a role as a more holistic interpretive tool for
archaeological endeavors. Sickles begin to dominate the record roughly around the time that
intensive exploitation of wild grains becomes a viable strategy. The harvesting of wild grains is
made more efficient through the use of reaping tools. Use of these tools enacted a set of
selective pressures upon the grains. The result of these selective pressures was the rapid
domestication of wild grains through the selection of a thicker, more robust rachis, uniform
maturation, increased fertility, and self-tillering.
While the exploitation of grain represents a shift, it was not a sudden one. The use of
wild foodstuffs remained in the record for some time. Grain agriculture still represents an
amazing shift in humanity’s thought process and place within the natural cycle. Shifting from
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food procurement to food production may not have been the cause of social stratification and
craft specialization but it undoubtedly played a large role. Sickles, therefore, represent a tool
which for the first time took humanity out of the previously established natural system and gave
humans dominion over their local environment.
Sickle gloss, the use-wear trace associated with the use of sickle blades to harvest
herbaceous material, is a biomechanical deposition on the blade. It is likely a result of the
accrual of dissolved silica, in the form of amorphous silica, and other compounds within the
plant’s cytoplasm. Steel blades used to harvest plants still exhibit this accrued gloss. This
indicates that the plant is the dominant contributor to the development of sickle gloss and as such
may also contain isotopic and phytolith data. The development of sickle gloss follows set stages,
with stage 4 representing the highest development. During the accrual of sickle gloss, abrasion
is unavoidable. In experiments, abrasion may be minimized by harvesting higher up on the plant
in an effort to avoid soil-borne abrasive particles. However, within the record, it is simply easier
to account for abrasion by examining the striations within the silica gel layers. Striations are
rapidly filled in with continued use, and as such, stage 4 sickle gloss is heavily scratched yet still
has abundant silica accrual. Because sickle use wear begins as abrasive forces on the surface of
the stone, early stages of sickle use-wear are likely to have no isotopic data available. Sickle
polish development is strongly correlated with moisture content of the plants. Higher levels of
plant moisture speed the development of sickle polish. However, lower levels of moisture
increase the abundance of phytoliths within the plants, in an effort to help stabilize the plant
against wilting.
Plant based phytoliths, formed by the absorption of amorphous silica by the plant, come
in roughly two categories. The first is a cast of the cell wall, often referred to as silica skeletons.
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The second is a group of noncrystalline silica bodies formed with purpose within the plant.
These phytoliths form in patterns associated with the taxonomy of the plant. Phytolith
assemblages aid in the reconstruction of the vegetation of the site as well as the diet of
individuals within the site. Additionally, they are strong indicators, through both their
abundance and ratios, of the climate at the site. Phytoliths undoubtedly adhere to the stone tools
through use. These may be recovered from the surface of the stone. It is also possible that the
phytoliths are embedded within the gloss on the tool.
Isotopic studies of phytoliths have shown phytoliths are capable of indicating many
variables associated with plant growth and life cycles. Oxygen isotope signals within the
phytoliths strongly correlate to temperature during growth of the plant. Carbon, nitrogen, and
others also indicate nutritive and temperature levels during the plant’s life cycle. Radiocarbon
dating the phytoliths of a site is even possible. Through these data it may be possible to
reconstruct the climate in manners similar to other studies. (Lovvorn et al, 2001)
Applying the isotopic analysis to stone tools is the difficult part of the study. Using
recent advances in laser ablation might be the answer. Laser ablators are limited in their
application to this study by their power. Preventing the laser from spot drilling through the
accrued use wear and into the stone without cross sectioning the blade will be difficult. By
minimizing the power output of the laser, while increasing its path time and diameter, it may be
possible to overcome these limitations. Additionally, the laser ablators prefer a flat surface. As
such, stage 3 or 4 of sickle gloss development is the best option for the application of this study.
A possible alternative would be the application of Secondary Ion Mass Spectrometry (SIMS).
This machine excels at analyzing thin layer laminates (Spoto, 2000; van der Heide, 2014).
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Possible results of this study will place use-wear analysis in a more prominent role in past
reconstruction. As these methods are untested, results of this study will help fine tune the
methods used and their application, aiding in future applications and efforts. Through the
analysis of phytoliths and isotopes on harvesting implements archaeologists may be able to better
track changes in subsistence and land management strategies in response to environmental
forces. Field layout, silage, food processing implements, animal husbandry, and trade networks
may be better understood through the interpretation of sickle use wear. Additionally, site
abandonment events may be understood as climatological stressors on the population.

Mechanisms of the Development of Sickle Gloss on Flint and Novaculite Blades
Introduction
Stone reaping implements, be they in the form of sickles or reaping knives, have long
been the subject of study (Anderson, 1980; Semenov, 1964; Spurrell, 1892). They are
intrinsically tied to the development of human civilization and represent a deep relationship
between humans and the landscape they live in. The importance of sickles has kept them in the
zeitgeist of humanity even into modern times through symbolism and iconography. It is no
wonder then that they would be the subject of intense archaeological research.
The pathway from food procurement to food production through domestication is a
subject of intense interest. Human exploitation of natural stands of cereals and edible weeds
forever altered the landscape. This exploitation of plant matter introduced many food and
material sources to the Neolithic community. Sickles, a direct result of this pathway, bear the
use wear traces necessary for the understanding of this relationship between humans and their
environment in the form of sickle gloss. This gloss has been of considerable interest to
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archaeologists as it is a direct result of the harvesting process and is, in terms of use related
polish, quite distinctive.
How exactly this sickle gloss forms is debated, sometimes hotly. The hypotheses for the
development of sickle gloss roughly fall into two categories: abrasion, or addition. Proponents
of the abrasion explanation explain this gloss is a result of abrasive particles, likely plant opal
phytoliths or soil, are dragged across the stone surface which polishes it like sandpaper (Hayden,
1979; Keeley, 1980). Proponents of the addition explanation explain this gloss is a new layer
deposited on the surface of the stone, likely composed of amorphous silica in solution from the
plant and other organic matter (Banks and Kay, 2003; Dubois, 2015; Kay, 2014). A third option,
which does not have as much support as the previous two, is the possibility that the surface of the
stone is partially dissolved and solidified with the addition of components from the plant
(Anderson, 1980).
In all possible explanations of sickle gloss development, the moisture content of the plant
harvested by the stone should be an important variable. Understanding the effect plant moisture
has on the development of sickle gloss would enable a more holistic interpretation of harvesting
efforts by past peoples. Early in the shift towards agriculture, humans harvested plants at higher
internal moisture levels, while the plant was still green and growing. This was likely an effort to
prevent rachis fracturing and loss of grain. As the domestication process of grain continued and
rachises became more robust, harvest periods moved back farther into lower internal moisture
levels (Anderson, 1999; Ibáñez et al., 2016; Ibáñez et al., 2021). Knowing the effect moisture
levels have on the development of sickle polish would, therefore, allow for understanding of how
far along into the domestication process the past peoples were, as well as illustrating what plants
they preferred to harvest at lower or higher moisture levels for various other reasons.
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Sickle gloss can be qualitatively analyzed by categorizing it into four stages. Gloss can
exist at different wear stage levels on different areas of the stone, and the whole blade should be
surveyed to understand the general wear stage level. The first stage (Fig. 1) of development
begins with a macroscopically visible band of organic detritus accumulating millimeters back
from the edge of the blade. This stage shows small, isolated areas of silica gel microplating
typically localized to the edge of the blade. In wear stage two (Fig. 2), the organic band is still
present with edge localized microplating that is less isolated than stage one. The third stage (Fig.
3) often shows the loss of organic bands with microplating still localized near the edge but in a
more continuous field than stage two. The fourth (Fig. 4), and last, stage of sickle development
shows macroscopically visible gloss with silica gel deposition overwriting large portions of the
microtopography of the stone. At this stage, edge rounding is significant enough to have
impacted the perceived efficiency of the tool (Kay, 2014). This experiment will use qualitative
analysis to understand the general trends in the development of sickle gloss.
The following experiment is designed to compare the development rate and appearance
of polish due to changing moisture content and type of plant. To that end, it will compare low to
high moisture content grass and rye on several sickles. The sickles will also have varying stone
types in an effort to compare rates and appearances on a broader stage. Whether phytoliths are
present or not will be investigated during the process, as well as the dimensions of striations in
an effort to determine possible diagnostic metrics which would allow analysts to distinguish
more about past tool use strategies. Success in this experiment will pave the way for a more
holistic understanding of sickle gloss as an intersection of multiple variables.
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Figure 1 WR1 blade A dorsal, location D, 100x. Scale bar is 100 microns. An example of stage 1
sickle gloss development. Gloss deposits are visible on the peak running top to bottom just left of
center of frame, as well as diagonally from top right towards the bottom of the frame.

Figure 2 DW2 blade B ventral, location B, 100x magnification. Scale bar is 100 microns. An
example of stage 2 sickle gloss development. Gloss is visible running top to bottom on the edge
of the blade and extending somewhat from the edge.
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Figure 3 WR blade B ventral, location A, 100x. Scale bar is 100 microns. An example of stage 3
sickle gloss development. Gloss is visible in large fields on the edge of the blade extending
inwards. A large flake scar on the edge cuts the field of polish and reveals unmodified stone.

Figure 4 WG1 blade B ventral, location B, 100x. Scale bar is 100 microns. An example of stage
4 sickle gloss development. Gloss is visible in large fields on the edge of the blade and extending
inwards.
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Methodology
Harvesting and Sample Collection and Preparation
Five experimental sickles were used in this study. These sickles were divided based on a
designated plant for harvesting. Field grass, common fescue and associated weeds, and rye,
Secale cereale, were the targets of harvesting. Each plant was then farther divided into
subcategories based on their moisture content. In this case the divisions were green, growing
grass and rye, and mature, dry grass and rye. Sickles were not used to harvest any other type of
plant other than their designated contact type. One sickle was assigned to harvest green, growing
grass and was designated WG1. One sickle was assigned to harvest mature, dry grass and was
designated DG1. Two sickles were assigned to harvest mature, dry rye and were designated
DW1 and DW2. One sickle was assigned to harvest green, growing rye and was designated
WR1. The sickles were constructed in such a manner as to provide an equal distribution of
novaculite and flint blades in an effort to control for differences in polish development through
differences in stone type. As such, WG1 is composed of six Boone flint blades set in a distal
curve orientation. Sickle DG1 is composed of four large blades, two Boone flint blades in the
center with two novaculite blades on either side, set in a triangular fashion on a straight sickle.
Sickle DW1 is composed of four Boone flint blades with denticulations set in a straight fashion
on a straight sickle. Sickle DW2 is composed of five novaculite blades set in a straight fashion
on a straight sickle. Sickle WR1 is composed of five blades alternating between Boone flint and
novaculite starting with novaculite proximally set in a straight fashion on a straight sickle. Each
sickle was hafted into pine wood using Loctite brand two-part epoxy in order to ensure zero
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movement of the blade during use.

Figure 5 WG1 side 1 scale bar is in CM units. Photograph taken after use and cleaning.

Figure 6 WG1 side 2 scale bar is in CM units. Photograph taken after use and cleaning.
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Figure 7 DG1 side 1 scale bar is in CM units. Photograph taken after use.

Figure 8 DG1 side 2 scale bar is in CM units. Photograph taken after use.
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Figure 9 WR1 side 1 scale bar is in CM units. Photo taken after use and cleaning.

Figure 10 WR1 side 2 scale bar is in CM units. Photo taken after use and cleaning.

Figure 11 DW1 side 1 scale bar is in CM units. Photo taken after use and cleaning.
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Figure 12 DW1 side 2 scale bar is in CM units. Photo taken after use and cleaning.

Figure 13 DW2 side 1 scale bar is in CM units. Photo taken after use and one cleaning cycle.

Figure 14 DW2 side 2 scale bar is in CM units. Photo taken after use and one cleaning cycle.
The author and several volunteers used the sickles on their designated contact type for a
duration of approximately 19 hours. During harvesting, speed of activity varied, and breaks
were necessary for the volunteers and author for hydration and lower back relief. Harvesters
attempted to keep the sickles from contacting soil throughout the experiment. As such, for each
plant type the harvesters cut the plant in handfuls gathered several inches off the ground. This
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was possible to a farther extent with both high and low moisture content iterations of rye but was
only minimally possible with grass due to the growth habits of the plants. In any case though,
this allowed the harvesters to avoid macroscopically obvious clumps of soil particulate adhering
to the surface of the plant due to either rain or wind driven distribution.
To measure the moisture content of the plants harvested samples were taken periodically
during harvesting. At least one sample was taken during each harvesting event. The samples
were massed then dried in an oven and massed again. The difference between the two
measurements was then converted to percentage for moisture content. During this it was found
that the green, growing plants of fescue and rye were uniformly above 50% water content during
the harvesting, while the dry mature fescue and rye were uniformly below 20% water content
during the harvesting. As such, for the purposes of moisture content, the plants have been
grouped into “high moisture content” (greater than 50%) and “low moisture content” (less than
20%) categories for analysis.
After drying and weighing, a small selection of the samples was removed. The surface of
this portion of the sample was then lightly brushed into an unused, sterile petri dish. This petri
dish was then surveyed using the microscope to document general size of adhering abrasive
particles, including any possible phytoliths (see appendix figs. 56-64).
Cleaning and Casting
Each sickle was photographed before and after cleaning and casting. After the initial
photograph, the sickles were cleaned in an ultrasonic cleaner using a bath of warm water and
ammonia. Sickle polish has been shown to be chemically resistant, this method allowed for the
cleaning of the surface of the blades without harming the developed use-wear (Kay, 2014). The
sickles were cleaned in this way repeatedly until no visible particulate matter appeared on the

38

surface of the blades, ensuring the cleanest surface possible and removing all oils and grease.
After cleaning the sickles were left to dry before casting.
A high-resolution silicone cast of each blade was made using methods established by
dental micro-wear analysts (Banks and Kay, 2003; Kay, 2014; Kay and Mainfort, 2014). These
high-resolution silicone casts have incredible fidelity, capturing the cast surface with a resolution
of up to 10,000x (Banks and Kay, 2003). A Coltène/Whaledent dispensing gun was used to
dispense an amount of fine grained, regular body surface activated dental silicone and hardener
mixture onto an unused piece of cellophane. This was then rapidly massaged onto the surface of
the blade to minimize trapped air bubbles and ensure good mechanical contact with the surface
of the blade (Banks and Kay, 2003). The mold was then labeled and photographed in situ on the
blade before removal. After removal, the mold was then filled and surrounded by
Coltène/Whaledent two-part President soft dental putty to ensure a level mold and close any
gaps.
Each mold was then filled with Epoxy Technology’s two-part epoxy kit 301 1LB
mixture. This two-part epoxy was stirred for a minimum one minute to help reduce air bubbles
within and distribute a brown pigment. This pigment makes the casts opaque, farther aiding in
the visual identification of small microwear traces. After pouring this epoxy, the molds were left
to completely cure before removal of the cast. The casts and molds were then stored in a
polyethylene bag away from sun exposure to minimize ultra-violet damage.
Photomicrographic Survey
Two microscopes were used to survey and record the surface of the blades. One
microscope was a differential interference binocular microscope with polarized light and
Nomarski optics. Nomarski optics provide excellent resolution and contrast on semi-transparent
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samples, aiding use-wear analysts in their examination of the microtopography of the stone (Kay,
2014; Kay and Mainfort, 2014). The other microscope was a metallurgical microscope with a
polarizer and analyzer filter installed. Each blade was surveyed in its entirety using 100x
magnification working from the edge of the blade towards the haft of both the ventral and dorsal
sides. Photomicrographs were taken of sites using the most suitable magnification for the
feature, ranging from 100x up to 500x. Orientation of the blades was ignored during the survey
as it was not a factor in this experiment. As the visibility of sickle polish is highly dependent on
the orientation of the specimen, the blades were reoriented as necessary during the survey to
provide the best depiction of the use wear.
As the nature of flaked stone makes a truly flat surface unlikely, many images are often
required to capture the entire frame in focus. Stitching these myriad images together into one
cohesive compilation would be a monumental task if done by hand. As such, a focus stacking
software, Helicon Focus, was used to compile the composite photomicrographs. The use of this
software is established within the field of lithic analysis (D’Errico, 2017). The settings used were
adjusted as needed to generate the best image output. After the composite images were made,
they were farther manipulated used Adobe Photoshop to maximize visibility and add scale bars.
Striation Measurement
Photomicrographs were then surveyed from each sickle at equal numbers of 100x and
500x magnification for striations. These striations’ widths were then measured using Adobe
Photoshop’s scaled measuring function. Each sickle’s measurement set was then checked for
normality using IBM SPSS software. After the check, the striation measurements were
compared using a Kruskal-Wallis one-way analysis of variance.
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Figure 15 WG1 blade A ventral location T 500x magnification, composite. Scale bar is 100
microns long. An example of striations measured. Bright spots of crystallization can be seen on
the upper right of the field of polish.
Results and Discussion
All sickles displayed macroscopically visible sickle polish, regardless of contact type or
moisture content. However, high moisture content plants displayed a brighter gloss that covered
more of the stone surface than did the low moisture content counterparts. Macroscopically
visible polish was most notable on the edges of the blades, glinting easily in light. Additionally,
all the blades in this experiment exhibited a “silky” texture when touched. Edge damage was
quite extensive and common, as expected given the length and intensity of use. The most
common form of edge damage was rounding of the edge. This was most obvious in novaculite
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blades. Flint blades, however, more commonly displayed chipping and other edge fractures with
some edge rounding. Each sickle had a distinctive band of organic residue set slightly back from
the edge. This residue proved to be substantial and difficult to remove, requiring several
cleaning cycles. The residue appears to be composed of plant compounds and phytoliths
apparently mobilized by the moisture within the plant and the mechanical action of cutting.
Sickles used on low moisture content plants, <20%, display abundant macroscopically visible
striations.

Figure 16 WR1 blade C ventral, location B 100x. Scale bar is 100 microns. An example of edge
rounding on a novaculite blade.
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Figure 17 WG1 blade B ventral, location A 100x. Scale bar is 100 microns. An example of
common edge damage on flint blades. Note the edge rounding accompanied by edge flaking.
Photomicrographic Survey
Description of Polish Considering Moisture Content of the Plant
For both rye and fescue there was a clear disparity in the development of sickle polish
between the two moisture content categories. Sickle polish was substantially more developed
within the high moisture content category, while comparatively underdeveloped within the low
moisture content category. Additionally, there is a substantial difference in the development of
polish between novaculite and flint blades, with flint blades showing much more polish than
their novaculite counterparts within the same moisture content category. Blades used to harvest
high moisture content plants displayed large, flat areas of sickle polish with rounded, billowing
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edges. This polish appeared bright and “cloud-like”. In contrast, blades used to harvest lower
moisture content plants displayed small, isolated areas of flat and scratchy polish with flat
terminal edges that appeared less bright in nature. In all cases, there were areas of polish
extending well past the edge, even up to the edge of the hafting mastic. These deep areas, in all
cases, were minimally developed, never surpassing stage 1 sickle gloss development. In all
cases, the polish was most obvious and well developed on the edges of the blades. In cases of
high moisture content contact, it was quite common to see extensive areas of stage 4 sickle gloss
along the leading edges of the sickle. This rapidly diminished to stage 3 within a few tens of
microns of the edge, with a decrease in developmental stage slowing the farther from the edge.
There were larger fields of stage 3 sickle gloss than there were stage 4 and so on.

Polish

development followed the use-pattern of the sickle, with higher levels of development near the
beginning of the harvesting motion and lower levels towards the end of the motion. DG1, as an
extreme example, exhibited no polish on the distal blade. For locations of photomicrographs see
the appendix (figs. 65-74). Additional photomicrographs for each sickle are in the appendix
(WG1 figs. 81-142, DG1 figs. 143-160, WR1 figs. 161-201, DW1 figs. 202-231, and DW2 figs.
232-265).
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Figure 18 WG1 blade C ventral, location E 100x. Scale bar is 100 microns. Stage 3/4 sickle
polish development near the edge with highly developed polish extending in from the edge. Note
the fluffy, smooth appearance of the polish and billowing edges.

Figure 19 WG1 blade C ventral, location D 100x. Scale bar is 100 microns. Extensive stage 4
polish dropping off rapidly from the edge. Smooth and bright with billowing edges.
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Figure 20 WG1 blade C dorsal, location D 100x. Scale bar is 100 microns. Stage four polish at
the edge dropping off rapidly away from the edge. Thick polish with billowing edges.

Figure 21 WG1 blade C dorsal, location E-3 500x. Scale bar is 100 microns. Stage 4 polish.
Extremely smooth with infilled striations. Note the rounded edges leading into unmodified stone
craters.
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Figure 22 WR1 blade B dorsal, location B-2 500x. Scale bar is 100 microns. Localized, highly
developed sickle polish. Thick and smooth with rounded edges.

Figure 23 WR1 blade C dorsal, location C 100x. Scale bar is 100 microns. Low stage of sickle
polish on a novaculite blade. Thick, rounded polish domes with rounded edges.
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Figure 24 WR1 blade C ventral, location C 100x. Scale bar is 100 microns. Low sickle polish
development with rounded domes and rounded edges on a novaculite blade.

Figure 25 WR1 blade D ventral, location G 100x. Scale bar is 100 microns. Highly developed
polish, stage 4. Thick rounded domes with heavy striations. Flint blade.
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Figure 26 WR1 blade D ventral, location F 100x. Scale bar is 100 microns. Highly developed
sickle polish, stage 4. Thick rounded domes with billowing edges. Flint blade.

Figure 27 DW1 blade B dorsal, location E 100x. Scale bar is 100 microns. Highly developed
polish from low moisture content plants on a flint blade. Note the flat appearance of the polish.
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Figure 28 DW1 blade A ventral, location D 100x. Scale bar is 100x. Highly developed polish
from low moisture content plants on a flint blade. Note the flat appearance of the polish.

Figure 29 DW2 blade B ventral, location B 100x. Scale bar is 100 microns. Flat polish on a
novaculite blade used to harvest low moisture content plants.
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Figure 30 DG1 blade A ventral, location D 100x. Scale bar is 100x. One of the highest areas of
polish development on novaculite blades for this sickle. Flat and scratchy polish on a novaculite
blade.

Figure 31 DG1 blade B ventral side, location D 100x. Scale bar is 100 microns. Stage 3 sickle
gloss on the edge of the flint blade, not yet completely flattening the blade.
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Figure 32 DG1 blade B ventral side, location C 500x. Scale bar is 100 microns. Note the flat
polish on the peaks of the flint blade. Edge rounding is evident.
Presence of Other Features
Small bodies were quite often discovered on areas of polish. These bodies may have also
occurred in areas of little to no polish development, but their transparent nature would make
locating in such an environment exceedingly difficult. These bodies are often round, though
oblong bodies have also been noted. There is often some sort of internal structure within these
bodies readily visible. In some cases, the internal structure resembles some sort of undulating
sine wave, whereas others resemble bullseyes or crosses (Fig. 33). These bodies, while not
conclusively identified as such, most resemble commonly recognized pooidae phytolith bodies.
Phytolith bodies of these types would be found in both fescue and rye, farther lending credence
to this theory (Piperno, 2006; Twiss et al., 1969).
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Figure 33 WG1 blade E dorsal, location B-2 500x. Scale bar is 100 microns. An example of
possible phytolith bodies located upper left, upper right, and mid left.

Figure 34 DG1 blade B dorsal side, location E 500x. Scale bar is 100 microns. This photo is
before cleaning. Note the rounded, dimpled bodies similar to other photomicrographs. These are
not cemented in and are sitting on the surface of the blade.
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Striation Measurement Comparison
There were some significant results from the Kruskal-Wallis test. Striation width is
significantly different when comparing high moisture grass to low moisture grass harvesting.
Harvesting high moisture grass versus high moisture rye also causes statistically significant
difference in striation width. Low moisture content comparisons illustrate a difference in
striation width predicated by type of stone. For full striation measurement see appendix (Table
2).
Table 1: Comparison of sickles and striation width.
Sickle Comparison

P value of Comparison

WR1 to WG1 (High moisture rye to grass)

P<0.001

WR1 to DW1 (High to low moisture rye)

P=0.044

WR1 to DW2 (High to low moisture rye)

P=0.670

DW1 to DW2 (Low moisture rye flint to

P=0.089

novaculite)
DW1 to DG1 (Low moisture rye to grass)

P=0.003

DW2 to DG1 (Low moisture rye to grass)

P=0.142

WG1 to DG1 (High to low moisture grass)

P<0.001

Conclusion
There is a clear relationship between sickle gloss development and moisture content of
harvested plants. The higher moisture content plants develop thicker gloss with farther
distribution of that gloss than do their lower moisture content counterparts. This disparity in
gloss development could be a simple function of moisture from the plant carrying dissolved
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solids, but it is likely also due, in part, to the moisture content effecting whether the plant cuts or
breaks. Lower moisture content plants were far more likely to break during the harvesting
process than to cut smoothly compared to higher moisture content plants. Furthermore, there is a
clear difference in development of sickle gloss based on the type of stone from which the blade
is made. From this, we can gather that sickle gloss development is a complex relationship
between several variables. Chief among these variables are the moisture content of the plant, the
structure of the plant, the growth habit of the plant, and the chemistry and structure of the stone
blade. This experiment shows a clear difference between high and low moisture content plants
in terms of the type of polish developed, as well as showing a clear difference in the wear
exhibited between flint and novaculite. It is obvious from these results that novaculite will show
less wear, regardless of other circumstances, than its flint counterpart will. Additionally, higher
moisture content plants will develop thicker polish than their lower moisture content
counterparts. This polish will begin at the edge and move inwards towards the haft of the sickle.
Width of striations is controlled by the type of plant, type of stone, and, to a lesser extent,
moisture content of the plant. Finer striations do show up on lower levels of polish development.
It is likely larger striations are overwritten by the polish as it develops. When the collected
abrasive particles are considered, however, it appears larger striations are more a function of the
type of plant harvested and not sickle gloss development stage. More investigation is needed in
this matter and a future study comparing width of striations of various plants on various stone
types would not be amiss. The difference in striation width lends support to the inclusion of
plant type and stone type to the interpretation of sickle gloss. It is possible striation width could
be used as a diagnostic metric to help determine the harvested plant.
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Small bodies which appear to be phytoliths are present on many of the blades and only
visible at higher magnification levels. The bodies have anatomies similar to pooidae phytoliths
but certainty to any significant degree is impossible due to random orientation and limited
presence. This supports the additive argument of sickle polish development but efforts to use
them diagnostically are likely to result in little pay off.
There is an interesting interplay evident in this data which suggests that current sickle
polish arguments are lacking. Given that higher moisture content plants develop sickle polish at
a higher rate and different structure, it seems that there is an interaction between additive and
ablative elements in the development of sickle polish. Lower moisture content plants seem to
create polish that is dominated by the ablative mechanic of sickle gloss. That is to say, the
abrasive particles with low moisture create polished layers that are more in line with the abrasive
argument. These depositions would likely be chemically and isotopically similar to the blade
itself, given that the polish is mostly abrasive. In contrast, the high moisture content polish
seems to be dominated by the additive mechanic. There is clearly abrasion happening in both.
We see striations and edge damage regardless of moisture content of the plant. However, higher
moisture content leads to an entirely different form of polish, thick with billowing edges that
covers whole fields of view. This indicates that an initial phase of abrasion is quickly
superseded by an addition of some kind, likely dissolved silica and various chemical compounds
within the plant cytoplasm. As such, any experiment aiming to analyze the chemical or isotope
signature of sickle polish should aim for the thick accrual of sickle polish from high moisture
content plants.
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Examining Sickle Gloss Development on Steel Blades
Introduction
The process by which sickle polish forms has not yet been completely explained. The
previous experiment shows that moisture content of the plant and the composition of the tool are
important variables, but it does not fully put an end to the debate between the abrasion and
addition arguments. If chemical analyses of sickle polish are to succeed, the polish must be
additive. Additionally, the polish must not be a simple reworking of the stone’s surface. Testing
for this is a priority.
Tools used to harvest plants universally show the development of sickle gloss. This gloss
develops quite quickly and is chemically and physically resistant to removal (Kay, 2014). A
previous experiment, which must be confirmed here, also found a similar layer developed on
steel tools which was composed of organic elements and silica (Kamińska-Szymczak, 2002).
That this layer contains silica is a strong indicator of the additive nature of sickle polish. This
silica is most likely from the plant matter cut during harvesting or mowing. Whether the silica
layer found on their steel blades is sickle polish is a matter of importance.
If sickle polish develops on material not composed of silica, such as steel, it would be a
strong indicator that sickle polish can be chemically analyzed to better understand the plant the
polish originated from. Due to the mechanically resistant nature of sickle polish, the best way to
chemically analyze it would be LA-ICP MS. The nature of this machine would necessitate thick
layers of polish. To this end, it is important to understand how the topography of the stone
affects the development of sickle polish. Additive sickle polish would be the thickest in areas
where sickle polish develops first on the stone.

57

This experiment has two goals. First, does a blade made of steel, which contains little to
no silica, develop an additive layer and is this additive layer sickle polish? Second, how does the
surface topography change the initial deposition of additive sickle polish? Results from this
experiment will inform future experiments and interpretations of use-wear and chemical analysis
of sickle blades and explain the relationship between abrasion and addition in the formation of
sickle gloss.

Methodology
Blade Creation
Three blades were made of mild steel. Each blade was crafted to be roughly 19 cm long
with a space for the user’s hand. All three blades were initially shaped using a heavy grit
aluminum oxide grinding disc to avoid any silica contact with the steel. After the initial
grinding, a series of steel files were used on each blade to further shape and refine the
topography of the edge. One blade was left at the early finish level of a rough farrier’s rasp.
This blade has the roughest surface topography to approximate rough stone and has a cutting
surface 7.3 cm long. The next blade was polished to a grit stage of 220 using aluminum oxide
sandpaper and has a cutting surface 7.8 cm long. The last blade was polished through 1000 grit
aluminum oxide sandpaper and then burnished with 000 steel wool and has a cutting surface 5.7
cm long.
Blade Use
Each of the three blades was used on high moisture content field grass, commonly
referred to as fescue, which was well watered and healthy for a total of roughly 3 hours of
intensive cutting. A previous study found ample polish developed after about 4.5 hours for
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analysis, indicating 3 hours of use would be enough to allow for analysis of the proposed
variables in this study (D’Errico, 2017). While no samples of the grass were collected for this
experiment, previous experiments with this field grass indicate the moisture content of the plants
to be around 60%. The goal of this stage was to cut through as much plant material as humanly
possible in 3 hours without injury to fingers, sanity, or the participants’ lower back. This
harvesting was done in stages of 20 to 40 minutes of activity. Absolutely nothing other than the
grass contacted the blades during this period. When not in use, the blades were kept out to dry
for a short period, away from dust or debris, and then stored in a polyethylene bag.
Cleaning and Casting
Before and after use, the surface of each blade was cleaned of any remaining abrasive
particles using compressed air before then being submerged in a warm water and ammonia bath
in an ultrasonic cleaner. Each blade was then degreased a final time in isopropyl alcohol to
prepare for the molding process. After cleaning and drying each blade was cast using casting
techniques derived from dental microwear studies. A Coltène/Whaledent dispensing gun was
used to dispense an amount of fine grained, regular body surface activated dental silicone and
hardener mixture onto an unused piece of cellophane. This was then rapidly massaged onto the
surface of the blade in order to minimize trapped air bubbles and ensure good mechanical contact
with the surface of the blade (Banks and Kay, 2003; Kay, 2014; Kay and Mainfort, 2014). The
mold was then labeled and photographed in situ on the blade before removal. After removal, the
mold was then filled and surrounded by Coltène/Whaledent two-part President soft dental putty
to ensure a level mold and close any gaps.
Each mold was then filled with Epoxy Technology’s two-part epoxy kit 301 1LB
mixture. This two-part epoxy was stirred for a minimum one minute to help reduce air bubbles
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within and distribute a brown pigment. This pigment makes the casts opaque, farther aiding in
the visual identification of small microwear traces. After pouring this epoxy, the molds were left
to completely cure before removal of the cast. The casts and molds were then stored in a
polyethylene bag away from sun exposure to minimize ultra-violet damage.
Photomicrographic Survey
Two microscopes were used to survey and record the surface of the blades. One
microscope was a differential interference binocular microscope with polarized light and
Nomarski optics. Nomarski optics provide excellent resolution and contrast on semi-transparent
samples, aiding use-wear analysts in their examination of the microtopography of the surface
(Kay, 2014; Kay and Mainfort, 2014). The other microscope was a metallurgical microscope
with a polarizer and analyzer filter installed. Each blade was surveyed in its entirety using 100x
magnification working from the edge of the blade towards the haft of both the ventral and dorsal
sides. Photomicrographs were taken of sites (for locations see appendix figs. 73-78) using the
most suitable magnification for the feature, ranging from 100x up to 500x. Orientation of the
blades was ignored during the survey as it was not a factor in this experiment. As the visibility
of sickle polish is highly dependent on the orientation of the specimen, the blades were
reoriented as necessary during the survey to provide the best depiction of the use wear.
Many images are often required to capture the entire frame in focus. Stitching these
myriad images together into one cohesive compilation would be a monumental task if done by
hand. As such, a focus stacking software, Helicon Focus, was used to compile the composite
photomicrographs. The use of this software is established within the field of lithic analysis
(D’Errico, 2017). The settings used were adjusted as needed to generate the best image output.
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After the composite images were made, they were farther manipulated used Adobe Photoshop to
maximize visibility and add scale bars.
Results and Discussion
It is to be noted that the edge of each blade avoided any rust damage. This could possibly
be the result of the accrued sickle polish, called a “crust” in earlier works, protecting the surface
from oxidation (Kamińska-Szymczak, 2002; Vaughan et al., 1987). This lack of rust on the
cutting surface can also commonly be seen on steel lawn mower blades that have long use lives.
All the steel blades used exhibit some spots of rust farther in from the edge, but each lacks rust
near the edge of the blade. There is likely some mechanism preventing the oxidation of the
metal in this area and it is the position of the author that this rust is prevented by accrual of clear
plant matter likely mostly made up of silica gel.
Microscopic surveys of each blade show a clear development of nascent sickle polish at a
development level as to be expected for the level of use. Each blade shows a difference in the
location and development of sickle polish, however. This is a strong indicator for the
preferential development of sickle gloss based upon microtopography. Sickle gloss develops
near the edge in all cases, with a preferential lean towards the edge in high levels of initial
surface polish. In instances of low levels of initial surface polish, at the rough file stage, sickle
gloss deposits appear several dozen microns away from the edge in isolated clusters. This is also
true for the intermediate initial polish level, 220 grit, but not true for the finest initial polish level,
1000 grit. In instances of higher initial polish, the sickle gloss appears to be thinner and wider
spread than its lower initial polish level counterparts, existing closer to the edge as initial polish
increases. Instances of lower initial polish have more isolated round areas of sickle gloss
depositions which exhibit mounding behavior.
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Edge damage is universally slower than in the stone blade counterparts. It is evident in
all cases, regardless of initial polish levels though. Likely a result of the characteristics of steel,
the edge damage is universally edge rounding. There are no instances of edge crushing or edge
failure in forms that would relate to stone. It is unknown how much of the edge rounding is due
to abrasion or how much is due to addition, but it is most certainly an interplay between the two
forces.

Figure 35 Steel blade unused, rough file finish, 100x. Scale bar is 100 microns. Note the high
level of surface and edge variance.
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Figure 36 Steel blade, unused rough file finish 500x. Scale bar is 100 microns. Note the high
level of surface variance.

Figure 37 Steel blade polished with a rough file after 3 hours of use on high moisture plants,
100x. Scale bar is 100 microns. Note edge rounding. Polish starting on peaks and working
downslope is evident near center of frame and on edge of blade.
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Figure 38 Steel blade polished with a rough file after 3 hours of use on high moisture content
plants, 100x. Scale bar is 100 microns. Note edge rounding. Polish is clear with desiccation
cracks. Polish works downslope from peaks on the surface.

Figure 39 Steel blade polished with a rough file used on high moisture content plants for 3
hours, 500x. Scale bar is 100 microns. Note edge rounding. Polish is evident starting on the
peaks and moving downslope. Striations parallel to cutting motion are clear. An area of rust is
surrounded by polish just above center of frame.
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Figure 40 Steel blade polished with a rough file used on high moisture content plants for 3
hours, 500x. Scale bar is 100 microns. Large flat areas of polish are clear with rounded margins
beginning to work downslope. Desiccation cracks are abundant.

Figure 41 Steel blade polished with 220 grit paper unused, 100x. Scale bar is 100 microns. Note
the reduced surface variance compared with the rough file blades.
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Figure 42 Steel blade polished with 220 grit paper unused, 500x. Scale bar is 100 microns. Note
reduced surface variance compared to the rough file blade.

Figure 43 Steel blade polished to 220 grit paper used for 3 hours on high moisture content
plants, 100x. Scale bar is 100 microns. Note the edge rounding and polish layer near the edge.
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Figure 44 Steel blade polished to 220 grit paper used for 3 hours on high moisture content
plants, 500x. Scale bar is 100 microns. Note the edge rounding and rounded margins of the
polish. Polish is localized to the edge and works downslope.

Figure 45 Steel blade unused, polished to 1000 grit paper, 100x. Scale bar is 100 microns. Note
the reduced surface variability in comparison to the 220 grit.
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Figure 46 Steel blade polished to 1000 grit paper, used for 3 hours on high moisture content
plants, 100x. Scale bar is 100 microns. Note the edge rounding and polish layer near the edge.
Extensive doming is present, as well as thin layers of polish.

Figure 47 Steel blade polished to 1000 grit paper, used for 3 hours on high moisture content
plants, 100x. Scale bar is 100 microns. Note the edge damage and thin sheet of polish rippling
across the surface away from the edge.
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Figure 48 Steel blade polished to 1000 grit paper, used on high moisture content plants for 3
hours, 500x. Scale bar is 100 microns. Note the edge rounding and polish layer beginning at the
edge and working downslope.
Conclusion
That polish is still present on steel blades does not negate the purely abrasive argument.
Polish presence on these steel blades does, however, lend support to the additive argument of
sickle polish development in that areas of polish seem to fill in low spots and protect the surface
from oxidation. It is clear that polish develops on the surface of the cutting implement regardless
of the composition or hardness of the tool. This revelation does contradict the argument for
polish formation in which the surface of the stone is remodeled due to partial dissolution and
precipitation of the silicon dioxide of the stone. Since steel has little to no silicon dioxide, this
pathway of sickle gloss development is impossible in the case of steel blades.
Initial microtopography does change the development of sickle polish on the surface of
the tool. Lower levels of initial polish, or higher levels of microtopographical variation, cause
sickle polish sites to be highly isolated and mounded, often near the edge, on the edge, or slightly
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away from the edge in its early stages. These isolated sites are mounded in appearance and begin
on the peaks of the microtopography and spread downslope, into the valleys of the surface. In
the case of a flatter initial surface, sickle polish begins near or on the edge and spreads outwards
in a thin, flat layer ending several microns in from the edge. When coupled with data from stone
tools used in previous experiments, it is likely that sickle gloss deposits would penetrate farther
towards the haft with use, but initial deposits are near or on the edge of the blade (Dubois, 2015).
This indicates that microscopic surveys of sickle blades should begin on the edge and
work inwards towards the haft. However, based on the roughness of the tool surface, a lack of
polish deposits on the edge may not indicate a lack of use wear. It may, in these cases, be
necessary to look farther in from the edge, focusing on peaks of the tool surface. It can,
therefore, be reasoned that peaks closer to the start of the cut would likely have higher polish
development and may even block development of polish farther down the use axis of the blade.
Should the additive explanation of the development of sickle polish be correct, this
experiment shows that the thickest depots of sickle gloss will be on or near the edge in all cases
and likely focused on initial peaks of the surface of the tool. Any effort to recover chemical or
perhaps isotopic signals should focus on the area within approximately 10 to 50 microns back
from the edge as this area will likely have the thickest polish layer and not the edge itself. The
presence of sickle gloss near the haft should, therefore, be a strong indicator of an extensive use
life of the tool. This can be used as a proxy for tool longevity in the event of the loss of the edge
through tool curation methods such as retouch. The thickness of the polish cannot be used in
isolation as a metric for polish development. It is clear the topography of the tool also affects the
polish thickness. Therefore, the type of stone and quality of workmanship of the tool should be
considered when planning analysis.
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Sickle Gloss Chemistry
Introduction
Grains were not the only plant harvested with sickles. It can be assumed sickles would
have been used to harvest any plant which could or should not be pulled up by hand for reasons
ranging from biological to ritualistic. Human exploitation of non-cereal plants includes
wildflowers, weeds, field grasses, and wild grains (Deckers et al, 2009; Dimbleby, 1967;
Fairbairn, 2002; Fairbarin et al, 2002; Lucarini et al., 2016; Power et al, 2013; Riehl et al, 2012;
Ryan, 2011). Each of these plants have different chemical signatures, as they have different
metabolic paths and nutritional needs. Having a chemical record of harvested plants would be a
significant benefit for the archaeological field. Sickle blades represent such a record.
That sickle polish is an additive layer arising as a consequence of the act of harvesting is
clear. Higher moisture content plants develop sickle polish in thicker layers at a faster speed
than do lower moisture content plants. This plant moisture would contain a variety of
compounds and elements necessary for the life of the plant. As this moisture is smeared across
the surface of the stone it begins to harden. Sickle polish hardens quite rapidly after its initial
deposition (Kay, 2014). The dissolved compounds are initially deposited and cemented to the
peaks of the stone both on the edge and near the edge. Plants contain quite a large amount of
silica, often around 0.4% dry weight though it varies substantially depending on species of plant,
herbivorous activity, silica availability in the soil, and nutrient stress (Katz et al., 2015; Ma et al.,
2001; Minden et al., 2021; Smis et al., 2014; Yang et al., 2015).
Plant chemistry changes throughout the life of the plant because of the different
nutritional needs of the plant during different life stages (Birsin et al., 2010). Humans in the past
harvest plants at different levels of maturity. Early in the domestication process, people
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harvested grain while the grain was still green and growing in an effort to prevent loss of grain
through the fracture of rachises. As the domestication process progressed, grain was harvested
later and later in its life cycle (Anderson, 1999; Ibáñez et al., 2016; Ibáñez et al., 2021). As a
singular example, grain moves some mobile elements from its body to its seeds (Birsin et al.,
2010). Being able to tell the life stage of the plant at harvesting would be a huge boon.
To that end, this experiment seeks to unlock the chemistry of additive sickle polish. The
best possible course of action with current technological standards is the application of LA-ICP
MS. LA-ICP MS is applicable here in this form as flint is chemically quite pure, with low
concentrations of compounds other than silicon dioxide (Blatt and Tracy, 1997). This process
would be the least invasive but is untested in this application. As such, this experiment will be
more damaging than future experiments as it is necessary to initially investigate the chemical
signature of sickle polish in an isolated manner. It is the hope that results from this experiment
will allow for the understanding of the interaction between humans and their environment
through their extraction of nutrients from the soil. Issues will likely arise in terms of
fractionation mechanisms of element distribution within the plant and their deposition onto the
blade. Understanding the chemistry of additive sickle polish will change the interpretation of the
mechanisms of sickle polish development and possibly allow for the study of isotopic signals
within the polish.
To that end, this experiment will examine the chemical composition of sickle polish. The
method used will be far more destructive and invasive than possible future efforts. Using LAICP MS to examine the presence, concentration, and spatial distribution of elements associated
with plant metabolism will allow for better understanding of polish development and
distribution. Success in this endeavor will possibly allow analysts to determine type and species
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of plant harvested as well as time of harvest within the plant’s life cycle. This information would
provide a better understanding of nutrient acquisition within past landscapes.
Methodology
The sickles used in the first experiment, except for the DG1, the sickle used to harvest
dry grass, were used in this experiment. DG1 was not used due to time constraints caused by the
growing cycle of grass in the area of the author’s harvesting. Since grass is at low moisture
content for so short of a time, the need to harvest dry grass over multiple growing seasons
necessitated leaving that sickle out of this study. WG1 was used first in this experiment, as
microscopic surveys had already shown this sickle to have substantial sickle gloss development.
Additionally, two sections were removed from the cutting edge of a steel lawnmower blade used
to mow a yard approximately 0.3 acres large for about 6 years, well past the recommended life of
the blade. The blade was rigorously cleaned before this process. To avoid adding silicon to the
cross sectioned blade, diamond blades were used to cut the stone and aluminum oxide blades
were used to cut and polish the steel.
As each sickle had already been substantially cleaned before casting in previous
experiments, the use of another ultrasonic bath was deemed unnecessary. Blades were then
selected from each sickle, in addition to an unused blade from the same Boone source, and cross
sectioned using a diamond blade wet saw. These cross sections were stored in a labeled
polyethylene bag after rinsing and degreasing with isopropyl alcohol or methanol depending on
availability. These cross sectioned samples were sent to the laser ablation lab within the Trace
Element and Radiogenic Isotope Lab (TRAIL) at the University of Arkansas.
Several sections of plant matter were removed from the plant samples taken in the earlier
experimental efforts to determine their moisture content. These sections were removed from
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near the area cut during harvesting. Samples were taken from the beginning, middle, and end of
harvesting. These samples were taken from two to three of the original samples in these times.
The plant matter was then put into a freeze-dryer for at least 24 hours to further remove any
atmospheric moisture. After drying, the plant matter was then processed in an electric grinder
until completely homogenized. The homogenized plant powder was then pressed in a hydraulic
press under several hundred pounds of pressure to form pellets. These pellets, which amounted
to three pellets of growing grass and three pellets of mature rye, were then mounted on glass
slides and sent to the laser ablation lab.
Each blade cross section was run through the laser ablator set to 0.25 seconds to cycle
between the 20 elements tested with a request that the pathway of the beam be set just slightly
back from the cutting edge of the blade and run a transect across the cross-sectioned surface from
edge to edge. The elements tested were as follows: silicon, boron, sodium, magnesium,
aluminum, phosphorous, chlorine, potassium, calcium, manganese, iron, nickel, copper, zinc,
rubidium, strontium, barium, lanthanum, cerium, and uranium. These elements chosen for this
study as they are present in grasses and their concentrations in various plant tissues changes as
the plant matures through its growth cycle (Birsin et al., 2010). As flint can be heterogeneous
and the lab lacked a standard for flint, the results were reported as though the silicon was 99%
pure. Results were reported in counts per second and parts per million. Owing to the lack of
heterogeneity, counts per second was chosen as the reporting unit normalized to the total beam
counts per second (cps) by dividing the element cps by the total beam cps. The results from this
analysis were delivered automatically in the form of an Excel spreadsheet (Paton et al., 2011;
Woodhead et al., 2007).
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Figure 49 A cross section of WG1's blade F. Scale bar is 100 microns. This cross section was
sent to the TRAIL lab at the University of Arkansas.
Results and Discussion
All high moisture content contact blades tested, including the steel lawn mower blade
sections, show a clear spatial distribution of elements. Lower moisture content blades, as well as
the novaculite blades, show a less clear spatial distribution of elemental concentration, likely a
result of lower levels of polish development. Silicon was used to illustrate the moment the laser
contacts the blade cross section. Many of the elements are present in minimal amounts, owing to
their low concentration in the plants. Additionally, some elements show odd distributions with
spikes occurring in the core of the blade, as in the case of copper. The radioactive elements
show a less clear spatial distribution, likely a result of fractionation due to mass as well as their
presence in the stone. While flint is chemically quite pure it still contains impurities, accounting
for low amounts of some elements within the core of the blade.
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Figure 50 LA-ICP MS counts per second of potassium divided by Total Beam counts per second
of WG1 blade A series 2.1. This sickle was made of flint and used to harvest high moisture
content grass, this series is the second cross section of blade A. The moving average shows the
spatial bias of potassium as the beam transects the blade. The average value of potassium in the
grass samples is plotted across the top of the graph. Graph begins and ends on the edge of the
blade. X axis is pulse number.
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Figure 51 LA-ICP MS counts per second of copper divided by Total Beam counts per second of
WG1 blade A series 2.1. This sickle was made of flint and used to harvest high moisture content
grass, this series is the second cross section of blade A. The moving average trend line shows
the spatial bias of copper as the beam transects the blade from edge to edge. Graph begins and
ends on the edge of the blade. X axis is pulse number.
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Figure 52 LA-ICP MS counts per second of sodium divided by Total Beam counts per second of
WG1 blade A series 2.1. This sickle was made of flint and used to harvest high moisture content
grass, this series is the second cross section of blade A. The moving average shows the spatial
bias of sodium as the beam transects the blade. Graph begins and ends on the edge of the blade.
X axis is pulse number.
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Figure 53 LA-ICP MS counts per second of copper divided by Total Beam counts per second of
WG1 blade F series 1.3. This sickle was made of flint and used to harvest high moisture content
grass, this series is the third cross section of blade F. The moving average shows the spatial
bias of copper as the beam transects the blade. Graph begins and ends on the edge of the blade.
X axis is pulse number.
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Figure 54 LA-ICP MS counts per second of magnesium divided by Total Beam counts per second
of WG1 blade F series 1.1. This sickle was made of flint and used to harvest high moisture
content grass, this series is the first cross section of blade F. The moving average shows the
spatial bias of magnesium as the beam transects the blade. Graph begins and ends on the edge of
the blade. X axis is pulse number.
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Figure 55 LA-ICP MS counts per second of phosphorous divided by Total Beam counts per
second of a steel lawnmower blade. This is a cross section of the end of a steel lawnmower
blade used on high moisture content grass. The moving average shows the spatial bias of
phosphorous as the beam transects the blade. Graph begins and ends on the edge of the blade. X
axis is pulse number.
The spatial distribution of ions is not equal on both sides of the blades. An explanation
for this disparity is the uneven distribution of polish on a blade. Blades often have a leading
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edge where polish accumulates faster (Kay, 2014). This is often, though not always, the flatter
side of the blade. In the case of the steel lawn mower blade this is even more obvious, owing to
the blade’s design and cutting action.
The plant samples show consistent values with each other. Average concentration of
elements in the plants do not match the average values recorded on the stone blades. The exact
reason for this disparity is unclear. One possible explanation is sample bias, as the harvested
area contained plants of varying heights and samples were taken at random. The average values
of elements from the plant samples is much lower than the values seen on the polish. This could
be a result of the lack of homogeneity of the flint. Another possible explanation for the
difference in these values could be the cross sections’ lack of flatness. As the beam transects the
blade, the various surface of the material would cause the beam’s focus to shift, including more
or less of the stone in the area. If the beam were to encounter voids on the surface this would
also change the result. That the values of the plants are lower than those seen on the tools could
be explained also by concentration through evaporation on the stone, as well as element
sequestration in amorphous silica by the plant.

Conclusion
There is a clear spatial relationship in the distribution of ions found in the crosssectioned stone. The edges of the stone have higher concentrations of elements associated with
organic life than do the centers of the blades. This indicates the polish layer is additive to some
degree. Though, when considered with previous studies, it is likely that there is a relationship
between both abrasion and addition when it comes to sickle gloss deposition. This does not
conclusively support the argument of “silica gel layers” for sickle gloss formation as a possible
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interpretation is a mixture of organic waxes and silica. Nor does this disprove the involvement
of abrasion mechanics in the case of low moisture content. In any case, these organic waxes are
likely long-term stable as well as the silica gel and, if present, make up an additive layer of
polish. Understanding the exact method of polish addition is crucial for future analysis. If the
addition is silica gel from the plant, higher values of aluminum and manganese would be
expected on the blade compared to samples from the plants owing to amorphous silica’s use by
the plant to sequester these minerals (Carnelli et al, 2002; Piperno, 2006). These results are
strongly encouraging for the recovery of further chemical and isotopic signals within the polish
layers. One issue with this application is the necessity for strict cleaning protocols. Cleaning
stone tools to this rigorous standard will remove some of the more esoteric wear traces that are
often overlooked but no less diagnostic. As such, this procedure should be used after thorough
surveys of the tools.

Investigating Isotopic Signals in Sickle Gloss
Introduction
Humans’ relationship with their environment is of much interest in the scientific field.
Past adaptations to the landscape and the shift in technology involved in the transition from food
procurement to food production could illuminate many new avenues of research and facets of
cultural development. Isotopic data can be used to show shifts in past climate, strategies to
mitigate those shifts, and efforts in crop husbandry (Faure and Mensing, 2005). That this method
of interpretation could be applied to sickles is of no question. Sickle gloss is both additive and is
chemically different from the stone blade. As such, the recovery of isotopic data from the gloss
should be possible.
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Unlocking the isotopic data in the sickle polish layers on stone tools would allow for
researchers to estimate the temperature at time of harvest, rainfall during the growing season, and
what fertilizing methods early farmers used. Plants, take up a variety of elements in their day to
day life (Dawson et al, 2002; Podio et al, 2013). The plants normally discriminate against the
heavier isotopes, as these atoms take more energy to move and tend to react more slowly in
chemical reactions.
Plants discriminate against heavy carbon isotopes based upon their basic botanical group.
From this, researchers gained the ability to distinguish between so called C3 and C4 plants (Faure
and Mensing, 2005; Lopes and Araus, 2006; Macfadden et al, 1999; McInerney et al, 2011;
Teulat et al, 2002). These two groups represent different photosynthetic pathways, with C3 plants
being the older, less efficient pathway. Additionally, the plant’s age, ambient humidity,
temperature, and water stress change the discrimination factor (Centritto et al, 2009; Cernusak et
al, 2013; Lopes and Araus, 2006; Yang et al, 2009; Zhang et al, 2015). This isotopic signal
could illustrate which type of plant past humans were utilizing to adapt to their environment
while also showing periods of water or temperature stress for the harvested material.
The source of oxygen isotopes in plants is groundwater. Evaporation enriches the water
in the leaves, as the lighter water is more easily mobilized. Additionally, biochemical reactions
exert discriminatory effects upon the isotopic signal. Due to transpiration in the leaves, stems
tend to be depleted compared to leaf water. Cellulose has been reported to be 27‰ more
enriched than water, but the non cellulose structures of the plant vary widely (Akamatsu et al,
2014; Barbour et al, 2000; Libby and Pandolfi, 1974; Song et al, 2011; Webb and Longstaffe,
2000).
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Plants gain nitrogen through bacterial activity in the soil. The type of plant does have an
impact on the nitrogen ratio. Nitrogen may also be influenced by temperature and agricultural
methods, chief among which is fertilization. In practice, as long as nutrient availability is lower
than the plant’s need absorption of nitrogen is the limited step in the plant’s metabolism. As
such, there is no fractionation during uptake. This means the nitrogen signal should reflect the
soil, and by extension illustrate farming methods (Podio et al, 2013; Subedi and Ma, 2010).
Nitrogen availability is often lower than the needs of the plant. The addition of nitrogen to the
soil dramatically increases grain yield (Murdoch, 1960). Nitrogen can be acquired easily by
early farmers through animal waste excretions. The primary goal of finding nitrogen isotope
ratios in sickle polish would be determining whether early humans were using animal waste as
fertilizer.
Phytoliths within the plant exhibit isotopic differences as well. The carbon content of
phytoliths has been used to radiocarbon date samples, as it is of organic origin (Piperno, 2006).
Additionally, the carbon may be used to shed light on past climate conditions and vegetative
cover (Cernusak et al, 2013; Piperno, 2006; Yang et al, 2009). Oxygen isotope analysis of
phytoliths has been shown to be representative of the growing temperature of the plant. The
oxygen isotope composition of the included plant silica follows an exchange model between the
silica and the groundwater values. This oxygen signal undergoes significant enrichment in the
leaf and inflorescence tissues of the plant as a result of their increased transpiration. The value
spikes if the sample is taken during midday sun exposure (Webb and Longstaffe, 2000).
The difficulty lies in accessing these isotopic signals within the accrued sickle polish.
Isotopic samples are measured in a gaseous form (Faure and Mensing, 2005). Typically, this is
achieved by combusting the sample. Solid samples, such as the sickle polish, do not combust
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easily. As such, the application of laser ablation might be the solution. The initial plan for this
experiment was to use LA-ICP MS to measure isotopic signals within the polish by targeting the
polish. This plan fell short, as the set up was not conducive to this application. A second option
was the application of Secondary Ion Mass Spectrometry (SIMS) which fires an ion beam at a
sample causing secondary ions to scatter and ablate off the surface. The utility of this method is
its reduction in sampling size, often able to take spot samples of 1 to 10 microns in size. This
method excels at working with thin layer laminates which would be ideal for the application to
sickle gloss (Spoto, 2000; van der Heide, 2014). Unfortunately, a proof of concept is required
before moving onto this method. As such, this experiment serves as an initial investigation into
accessing isotopic signals within polish.
This experiment will investigate whether isotopic signals are present and accessible in
sickle polish layers. The sickles from previous experiments will be used in this destructive test.
Success in this endeavor would allow analysts to determine past climate conditions, field
management strategies, and crop husbandry practices. This would allow for better understanding
of past nutrient acquisition within the landscape. Due to the thin, laminate nature of sickle
polish, failure in this endeavor does not indicate impossibility.
Methodology
This experiment uses the sickles previously described in the first chapter, except for
DG1. An unused flint and novaculite blade from the same sources used to make the sickles were
also selected for this experiment. DG1 was excluded due to an overwhelming lack of polish on
the blades. Each blade was rinsed with methanol before samples were collected. As the mass
spectrometer would not handle stone well, damaging the edge was avoided as much as possible.
It was, however, impossible to avoid the collection of small flakes of stone in some cases.
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Each blade was gently scraped using a combination of a dental pick and hypodermic
needle onto a clean, unused sheet of aluminum. The resulting powder, and often micro-flakes of
stone, were then weighed using a high-resolution balance to an amount roughly totaling 0.3 of a
milligram. The powder was then placed into a silver foil cup and sealed. These samples were
then given to the University of Arkansas Stable Isotope Lab (UASIL) for analysis. As the
experiments in the previous chapters have shown the formation of sickle gloss is additive in
nature and likely largely composed of amorphous silica and other compounds from the plant, and
the chemical analysis done in the previous chapter indicates a large amount of silica directly on
the surface of the blade it was decided to initially test for the oxygen isotope ratio as it was
assumed the amount of material containing oxygen would be plentiful and easier for the machine
to read for this method than either carbon or nitrogen.
Results and Discussion
Too little oxygen containing material was present in the samples to give any meaningful
peaks in the data. Lack of results from this process indicates a possible need to focus on other
isotopic signals than oxygen. This is a strong indication that the polish is low in silica content, or
this process was unable to break down enough of the silica content to provide meaningful
oxygen signals. The latter is likely to be the truth, as both phytoliths and flint are composed of
silicon dioxide. Failure here does not indicate a dead end, and instead suggests we should pursue
an alternative sampling method. Unfortunately, the collection of this set of samples renders the
possibility of testing for either carbon or nitrogen impossible due to the destructive nature of the
process.
Conclusion and Future Study Possibilities
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While disappointing, this negative result is not a dead end in this process. That the
process used here provided no results does not preclude the possibility of other avenues’ success.
This work shows a specific research course which does not work, allowing for greater success in
future efforts. The potential value of unlocking sickle gloss’s isotopic data far outweighs the
consequences of any failure in the process. Given the extremely thin laminate nature of sickle
gloss and its resistance to mechanical and chemical removal, this result is to be expected. As
such, future endeavors should focus on processes that allow for sampling thin layer laminates
like SIMS. While this negative result does not function as an ideal proof of concept for the
application, it does strongly indicate that out of all processes available SIMS has the highest
chance of success.
Since sickle polish is clearly additive in nature and contains elements found in the plants
indicates that isotopic data is present in these laminate layers. The possibility of understanding
human adaptation to climate change through changes in crop husbandry is clear. The importance
of this possibility cannot be stressed enough and is enough to necessitate endless
experimentation. As such, future study should create a set of experimental blades with long use
time to maximize sickle gloss thickness for the use in a SIMS machine. Cross sectioning is still
recommended until such time as the ability to easily distinguish between gloss layers and stone is
established.

Conclusion
These experiments answer necessary questions about the mechanics and chemistry of
sickle gloss development. Given their importance and ubiquity, sickles present an interesting
data set to archaeology. Answers given by these experiments, when taken together, allow for a
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deeper understanding of this data set. With this, debates as to the formation process of sickle
gloss can be settled.
The qualitative analysis of sickle gloss into defined wear stages is a useful metric. The
first experiment does highlight some of the drawbacks to this system, however. Four stages of
sickle gloss development are not sufficient in fully understanding the use-wear traces present on
sickle blades. The author proposes the addition of half stages to this system to better represent
the continuum of sickle gloss development and the relationship between additive gloss and
abrasion. As early sickle gloss development seems to be dominated by abrasive mechanics, the
first half stage should largely contain blades which exhibit edge damage with only nascent
polish. This early polish was shown by the second experiment to begin on the peaks of the
microtopography on or near the edge and work its way downslope. To this end, the wear stages
should also be normalized to the type of stone the blade is made from. The first full stage of
development should remain as described previously. Gloss development stage 1.5 should
describe polish in which ablative forces are still strongly working the surface of the tool, but
nascent microdomes begin to work downslope. Development stage 2 should remain as described
previously. Stage 2.5 should describe polish in which ablative forces are significantly
diminished and edge rounding has slowed. In this stage, edge crushing, or flaking is more likely
to occur. Polish in this stage should be continuous in areas 10 to 50 microns back from the edge.
This stage should also be macroscopically visible. Stage 3 should remain as previously
described. Stage 3.5 should describe polish that is completely additive. Abrasive forces in this
stage have all but ceased, being mostly fine striations visible at higher magnification powers. At
this stage, polish should begin to unite from the edge towards the haft. Stage 4 should remain as
previously described. These stages should be normalized to the type of stone. Stage 3 on
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novaculite blades should not appear the same as it does on flint blades. The second experiment
shows a clear difference in the appearance and spread of polish development on varying levels of
surface variance. Qualitative metrics should, therefore, be more holistic in their interpretation.
One of these facets of holistic interpretation is the determination of moisture content
through the appearance of sickle polish. Flat, scratchy polish occurs as a result of low moisture
content plants. Thick, smooth polish with billowing edges occurs as a result of high moisture
content plants. Determining the moisture content of the plant should be included in all
qualitative analyses of sickle polish as it is a direct indicator of harvesting time and strategies by
the people in question. Additionally, higher moisture content plants develop polish at a faster
rate with more coverage than do the lower moisture content counterparts. Ignoring this in usewear analysis will cause a misunderstanding in the total time the blade was used. Higher stages
of sickle gloss development in high moisture content plants will occur earlier than the same stage
of development on lower moisture content plants. If a blade is used to harvest lower moisture
content plants, it may have a longer use life than previously thought.
Edge damage on the blade should be considered during use-wear analysis. The extent
and type of edge damage is minimally affected by the moisture content and structure of the plant.
Most of the edge damage seems to be determined by the thinness of the blade and type of stone
the blade is made from. Crystalline structure of the blade is a strong determinant of the type of
edge damage exhibited. The lack of edge crushing, or flaking should, therefore, not, by itself, be
used as a determinant for type of plant harvested. To this end, while edge rounding is a useful
metric in the determination of the length of use life of the tool, other forms of edge damage are
not. Additionally, edge rounding cannot be used in isolation as a metric for use life of the tool.
It must be combined with a consideration for the type of stone the blade is made of as well as the
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type of plant harvested. Further research into edge rounding is recommended as it may be
possible to create a standard model by which length of use life may be determined.
Sickle polish is clearly not just additive or ablative. There is some interplay between the
two mechanisms in the development of polish. Lower moisture content plants generate polish
that is dominated by ablative forces judging by the flat, scratchy appearance of the polish.
Higher moisture content plants generate polish dominated by the additive forces judging by the
thick appearance of the polish. Both polishes show strong ablative forces though. Edge damage
is universal on blades used to harvest soft or hard plants of either high or low moisture content.
Striations are universally present on both polish layers and stone surface and differ significantly
in width based on type of plant, moisture content, and type of stone. What can be said with
certainty is that sickle gloss is not a dissolution and solidification of the surface of the stone.
Steel blades exhibit sickle gloss that appears the same as polish exhibited on stone blades. The
same descriptive and qualitative metrics can be used on polish for both types of blades. The
presence of small, clear bodies on areas of polish which appear to be phytoliths lends credence to
the additive nature of polish. Phytoliths are known to contain compounds besides silicon
dioxide. This is one possible explanation for some of the results into the chemistry of sickle
gloss.
Results from the application of LA-ICP MS on cross sectioned blades shows a clear
concentration of elements resulting from additive sickle polish on the surface of the blade. The
data clearly show spikes of mobile elements necessary for plant metabolism on the surface of the
blade and not in the core of the blade when cross sectioned. This can only mean there is an
additive nature to sickle polish. Results from this experiment are exciting as they hint at the
possibility of pinpointing the life stage of the plant at harvest. Plants move nutrients towards
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different tissues at different stages of their life cycles. Additionally, this would provide a unique
new snapshot of nutrient acquisition for past peoples. Given the rigorous cleaning methods used
before the application of LA-ICP MS, there is a minimal chance this is contamination and is
strongly indicative of some form of cementing of plant-based compounds. That rigorous
cleaning had to take place is an indication that this method of surveying should only take place
after use-wear surveys as it would obliterate more esoteric use-wear traces. The concentration of
ions on the surface of the blade does not match the average concentration of the same ions from
the harvested plants. There are few explanations for this, and the true cause is unknown. It is
possible this is caused by sampling bias. Future study into this is warranted and necessary before
this analysis can be used to determine the life stage of the plant.
Sickle polish develops early on near the edge of the blade, but it is not localized just at
the edge. Often, sites of sickle polish develop within several tens of microns inward from the
edge of the blade. The initial stages of sickle polish development are affected strongly by the
surface variance of the blade. Smoother surfaces cause thinner layers of widespread polish to
develop. Rougher surfaces cause small, isolated sections of slightly thicker polish to develop in
the early stages. In both cases, this initial polish is near the blade. As such, efforts to analyze the
chemical composition of sickle polish should focus on the edge of the blade. In instances where
the edge has been heavily damaged, these analysis methods may not be applicable.
Given that sickle polish is clearly additive and chemically dissimilar to the stone, it is
possible to extract isotopic data from the polish. The results from the first effort to do so were
disappointing but not unexpected. The amount of polish on the stone is minute and difficult to
remove from the stone. As such, it was likely that any method not capable of sample resolution
on the order of microns would fail. This does not mean that it is impossible. It is recommended
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that future efforts use cross sectioned experimental blades with extensive use life on high
moisture content plants for the application of SIMS analysis. This will likely have the highest
success chance for the extraction of isotopic data from sickle gloss.
The heuristic potential of sickle gloss has just begun to be tapped. With the results of
these experiments the true depth of the possible data can be seen. Moisture content of the plant,
stone composition, workmanship of the tool, type of plant harvested, and design of the tool all
play a role in the development of sickle polish. The analyses of use-wear traces resulting from
the harvesting of plants are especially of interest as they are concrete analogs of the relationship
humanity has with the landscape. It is the hope that the work done here helps to better
understand that relationship.
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Appendix
Abrasive Particles

Figure 56 High moisture content grass abrasive particles brushed off the cut surface of the
sample. Scale bar is 100 microns.
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Figure 57 Low moisture content rye abrasive particles brushed off the cut surface of the sample.
Scale bar is 100 microns.

Figure 58 Low moisture content grass abrasive particles brushed off the cut surface of the
sample. Scale bar is 100 microns.
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Figure 59 Low moisture content grass abrasive particles brushed off the cut surface of the
sample. Scale bar is 100 microns.

Figure 60 Low moisture content grass abrasive particles brushed off the cut surface of the
sample. Scale bar is 100 microns.
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Figure 61 High moisture content rye abrasive particles brushed off the cut surface of the sample.
Scale bar is 100 microns.

Figure 62 High moisture content rye abrasive particles brushed off the cut surface of the sample.
Scale bar is 100 microns.
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Figure 63 High moisture content rye abrasive particles brushed off the cut surface of the sample.
Scale bar is 100 microns.

Figure 64 High moisture content grass abrasive particles brushed off the cut surface of the
sample. Scale bar is 100 microns.
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Photomicrograph Locations

Figure 65 WG1 side one photo locations. Scale is 1 centimeter.

Figure 66 WG1 side two photo locations. Scale is 1 centimeter.

113

Figure 67 DG1 side one photo locations. Scale is 1 centimeter.

Figure 68 DG1 side two photo locations. Scale is 1 centimeter.

114

Figure 69 WR1 side one photo locations. Scale is 1 centimeter.

Figure 70 WR1 side two photo locations. Scale is 1 centimeter.

Figure 71 DW1 side one photo locations. Scale is 1 centimeter.

115

Figure 72 DW1 side two photo locations. Scale is 1 centimeter.

Figure 73 DW2 photo locations. Scale is 1 centimeter.

Figure 74 DW2 side two photo locations. Scale is 1 centimeter.

116

Figure 75 Steel blade polished with rough file side A photo locations. Scale is 1 centimeter.

Figure 76 Steel blade polished with rough file side B photo locations. Scale is 1 centimeter.

117

Figure 77 Steel blade polished with 220 grit paper side A photo locations. Scale is 1 centimeter.

Figure 78 Steel blade polished with 220 grit paper side B photo locations. Scale is 1 centimeter.

118

Figure 79 Steel blade polished with 1000 grit paper side A photo locations. Scale is 1 centimeter.

Figure 80 Steel blade polished with 1000 grit paper side B photo locations. Scale is 1 centimeter.
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WG1- High Moisture Content Grass Sickle, Flint Blades

Figure 81 WG1 blade A ventral location T 100x. Scale bar is 100 microns.

120

Figure 82 WG1 blade A ventral location S 500x. Scale bar is 100 microns.

121

Figure 83 WG1 blade A ventral location S-1 100x. Scale bar is 100 microns.

122

Figure 84 WG1 blade A ventral location R 100x. Scale bar is 100 microns.

123

Figure 85 WG1 blade A ventral location Q 500x. Scale bar is 100 microns.

124

Figure 86 WG1 blade A ventral location Q-2 100x. Scale bar is 100 microns.

125

Figure 87 WG1 blade A ventral location Q 100x. Scale bar is 100 microns.

126

Figure 88 WG1 blade A ventral location P 500x. Scale bar is 100 microns.

127

Figure 89 WG1 blade A ventral location P 100x. Scale bar is 100 microns.

128

Figure 90 WG1 blade A ventral location L 500x. Scale bar is 100 microns.

129

Figure 91 WG1 blade A ventral location K 500x. Scale bar is 100 microns.

130

Figure 92 WG1 blade A ventral location J 500x. Scale bar is 100 microns.

131

Figure 93 WG1 blade A ventral location I 500x. Scale bar is 100 microns.

132

Figure 94 WG1 blade A ventral location G 500x. Scale bar is 100 microns.

133

Figure 95 WG1 blade A dorsal location H 100x. Scale bar is 100 microns.

134

Figure 96 WG1 blade A dorsal location F-2 500x. Scale bar is 100 microns. Possible phytolith
bodies are seen center of frame.

135

Figure 97 WG1 blade A dorsal location B 100x. Scale bar is 100 microns.

136

Figure 98 WG1 blade B ventral location D 500x. Scale bar is 100 microns.

137

Figure 99 WG1 blade B ventral location D-4 500x. Scale bar is 100 microns.

138

Figure 100 WG1 blade B ventral location B 100x. Scale bar is 100 microns.

139

Figure 101 WG1 blade B ventral location B-1 500x. Scale bar is 100 microns.

140

Figure 102 WG1 blade B ventral location A 500x. Scale bar is 100 microns.

141

Figure 103 WG1 blade B ventral location A 100x. Scale bar is 100 microns.

142

Figure 104 WG1 blade B ventral location A-2 500x. Scale bar is 100 microns.

143

Figure 105 WG1 blade B dorsal location B 500x. Scale bar is 100 microns.

144

Figure 106 WG1 blade B dorsal location A-2 100x. Scale bar is 100 microns.

145

Figure 107 WG1 blade C ventral location E 500x. Scale bar is 100 microns.

146

Figure 108 WG1 blade C ventral location E 100x. Scale bar is 100 microns.

147

Figure 109 WG1 blade C ventral location E-2 500x. Scale bar is 100 microns.

148

Figure 110 WG1 blade C ventral location D 500x. Scale bar is 100 microns.

149

Figure 111 WG1 blade C ventral location D 100x. Scale bar is 100 microns.

150

Figure 112 WG1 blade C ventral location C 500x. Scale bar is 100 microns.

151

Figure 113 WG1 blade C ventral location C 100x. Scale bar is 100 microns.

152

Figure 114 WG1 blade C dorsal location G-2 500x. Scale bar is 100 microns.

153

Figure 115 WG1 blade C dorsal location F-4 500x. Scale bar is 100 microns.

154

Figure 116 WG1 blade C dorsal location D 100x. Scale bar is 100 microns.

155

Figure 117 WG1 blade C dorsal location C 500x. Scale bar is 100 microns.

156

Figure 118 WG1 blade C dorsal location A 100x. Scale bar is 100 microns.

157

Figure 119 WG1 blade D ventral location E 100x. Scale bar is 100 microns.

158

Figure 120 WG1 blade D ventral location D 500x. Scale bar is 100 microns.

159

Figure 121 WG1 blade D ventral location C 500x. Scale bar is 100 microns. Possible phytolith
Bodies are present in the mid-right of center of frame.

160

Figure 122 WG1 blade D ventral location B 100x. Scale bar is 100 microns.

161

Figure 123 WG1 blade D ventral location A 100x. Scale bar is 100 microns.

162

Figure 124 WG1 blade E ventral location E 100x. Scale bar is 100 microns.

163

Figure 125 WG1 blade E ventral location C 100x. Scale bar is 100 microns.

164

Figure 126 WG1 blade E ventral location B 100x. Scale bar is 100 microns.

165

Figure 127 WG1 blade E ventral location A 100x. Scale bar is 100 microns.

166

Figure 128 WG1 blade E dorsal location F 100x. Scale bar is 100 microns.

167

Figure 129 WG1 blade E dorsal location E 500x. Scale bar is 100 microns.

168

Figure 130 WG1 blade E dorsal location E 100x. Scale bar is 100 microns.

169

Figure 131 WG1 blade E dorsal location D 100x. Scale bar is 100 microns.

170

Figure 132 WG1 blade E dorsal location C 100x. Scale bar is 100 microns.

171

Figure 133 WG1 blade E dorsal location B 500x. Scale bar is 100 microns.

172

Figure 134 WG1 blade E dorsal location B 100x. Scale bar is 100 microns.

173

Figure 135 WG1 blade E dorsal location B-3 500x. Scale bar is 100 microns.

174

Figure 136 WG1 blade F ventral location D 500x. Scale bar is 100 microns.

175

Figure 137 WG1 blade F ventral location D 100x. Scale bar is 100 microns.

176

Figure 138 WG1 blade F ventral location C 500x. Scale bar is 100 microns.

177

Figure 139 WG1 blade F ventral location C 100x. Scale bar is 100 microns.

178

Figure 140 WG1 blade F ventral location B 500x. Scale bar is 100 microns.

179

Figure 141 WG1 blade F ventral location B 100x. Scale bar is 100 microns.

180

Figure 142 WG1 blade F dorsal location A-2 500x. Scale bar is 100 microns.

181

DG1- Low moisture content grass sickle, flint and novaculite blades

Figure 143 DG1 blade A ventral location D 100x. Scale bar is 100 microns.

182

Figure 144 DG1 blade A dorsal location G 500x. Scale bar is 100 microns.

183

Figure 145 DG1 blade A dorsal location G 100x. Scale bar is 100 microns.

184

Figure 146 DG1 blade A dorsal location F 100x. Scale bar is 100 microns.

185

Figure 147 DG1 blade A dorsal location E 500x. Scale bar is 100 microns.

186

Figure 148 DG1 blade A dorsal location E 100x. Scale bar is 100 microns.

187

Figure 149 DG1 blade B ventral location E 500x. Scale bar is 100 microns.

188

Figure 150 DG1 blade B ventral location E 100x. Scale bar is 100 microns.

189

Figure 151 DG1 blade B ventral location D 500x. Scale bar is 100 microns.

190

Figure 152 DG1 blade B ventral location D 100x. Scale bar is 100 microns.

191

Figure 153 DG1 blade B ventral location C 500x. Scale bar is 100 microns.

192

Figure 154 DG1 blade B ventral location C 100x. Scale bar is 100 microns.

193

Figure 155 DG1 blade B ventral location B 500x. Scale bar is 100 microns.

194

Figure 156 DG1 blade B dorsal location D 100x. Scale bar is 100 microns.

195

Figure 157 DG1 blade C dorsal location D 100x. Scale bar is 100 microns.

196

Figure 158 DG1 blade C dorsal location C 100x. Scale bar is 100 microns.

197

Figure 159 DG1 blade D ventral location A 100x. Scale bar is 100 microns.

198

Figure 160 DG1 blade D ventral location A-2 100x. Scale bar is 100 microns.

199

WR1- High moisture content rye sickle, both flint and novaculite blades

Figure 161 WR1 blade A ventral location C 500x. Scale bar is 100 microns.

200

Figure 162 WR1 blade A ventral location C 100x. Scale bar is 100 microns.

201

Figure 163 WR1 blade A ventral location A-2 500x. Scale bar is 100 microns.

202

Figure 164 WR1 blade A ventral location A-2 100x. Scale bar is 100 microns.

203

Figure 165 WR1 blade A dorsal location D 100x. Scale bar is 100 microns.

204

Figure 166 WR1 blade B ventral location B 100x. Scale bar is 100 microns.

205

Figure 167 WR1 blade B ventral location A 500x. Scale bar is 100 microns.

206

Figure 168 WR1 blade b dorsal location D 500x. Scale bar is 100 microns.

207

Figure 169 WR1 blade B dorsal location D100x. Scale bar is 100 microns.

208

Figure 170 WR1 blade b dorsal location C 100x. Scale bar is 100 microns.

209

Figure 171 WR1 blade B dorsal location B 500x. Scale bar is 100 microns.

210

Figure 172 WR1 blade B dorsal location B 100x. Scale bar is 100 microns.

211

Figure 173 WR1 blade B dorsal location B-2 500x. Scale bar is 100 microns.

212

Figure 174 WR1 blade C ventral location G 100x. Scale bar is 100 microns.

213

Figure 175 WR1 blade C ventral location D 500x. Scale bar is 100 microns.

214

Figure 176 WR1 blade C ventral location C 100x. Scale bar is 100 microns.

215

Figure 177 WR1 blade C ventral location B 100x. Scale bar is 100 microns.

216

Figure 178 WR1 blade C ventral location A 100x. Scale bar is 100 microns.

217

Figure 179 WR1 blade C dorsal location C 100x. Scale bar is 100 microns.

218

Figure 180 WR1 blade C dorsal location B 100x. Scale bar is 100 microns.

219

Figure 181 WR1 blade C dorsal location A 100x. Scale bar is 100 microns.

220

Figure 182 WR1 blade D ventral location I 100x. Scale bar is 100 microns.

221

Figure 183 WR1 blade D ventral location G 500x. Scale bar is 100 microns.

222

Figure 184 WR1 blade D ventral location G 100x. Scale bar is 100 microns.

223

Figure 185 WR1 blade D ventral location G-3 500x. Scale bar is 100 microns.

224

Figure 186 WR1 blade D ventral location G-2 500x. Scale bar is 100 microns.

225

Figure 187 WR1 blade D ventral location F 500x. Scale bar is 100 microns.

226

Figure 188 WR1 blade D ventral location F 100x. Scale bar is 100 microns.

227

Figure 189 WR1 blade D ventral location E 100x. Scale bar is 100 microns.

228

Figure 190 WR1 blade D ventral location D 500x. Scale bar is 100 microns.

229

Figure 191 WR1 blade D ventral location C-4 100x. Scale bar is 100 microns.

230

Figure 192 WR1 blade D ventral location C-3 100x. Scale bar is 100 microns.

231

Figure 193 WR1 blade D ventral location B 100x. Scale bar is 100 microns.

232

Figure 194 WR1 blade D ventral location B-3 500x. Scale bar is 100 microns.

233

Figure 195 WR1 blade E ventral location G 100x. Scale bar is 100 microns.

234

Figure 196 WR1 blade E ventral location F 100x. Scale bar is 100 microns.

235

Figure 197 WR1 blade E ventral location E 100x. Scale bar is 100 microns.

236

Figure 198 WR1 blade E ventral location C 500x. Scale bar is 100 microns.

237

Figure 199 WR1 blade E dorsal location E 100x. Scale bar is 100 microns.

238

Figure 200 WR1 blade E dorsal location D 100x. Scale bar is 100 microns.

239

Figure 201 WR1 blade E dorsal location B 100x. Scale bar is 100 microns.

240

DW1- Low moisture content rye sickle, flint blades

Figure 202 DW1 blade A ventral location F 100x. Scale bar is 100 microns.

241

Figure 203 DW1 blade A ventral location E 500x. Scale bar is 100 microns.

242

Figure 204 DW1 blade A ventral location E 100x. Scale bar is 100 microns.

243

Figure 205 DW1 blade A ventral location D 500x. Scale bar is 100 microns.

244

Figure 206 DW1 blade A ventral location D 100x. Scale bar is 100 microns.

245

Figure 207 DW1 blade A ventral location B 500x. Scale bar is 100 microns.

246

Figure 208 DW1 blade A ventral location B 100x. Scale bar is 100 microns.

247

Figure 209 DW1 blade A ventral location B-2 500x. Scale bar is 100 microns.

248

Figure 210 DW1 blade A ventral location A 100x. Scale bar is 100 microns.

249

Figure 211 DW1 blade A dorsal location G 100x. Scale bar is 100 microns.

250

Figure 212 DW1 blade A dorsal location E 500x. Scale bar is 100 microns.

251

Figure 213 DW1 blade A dorsal location E 100x. Scale bar is 100 microns.

252

Figure 214 DW1 blade A dorsal location C 500x. Scale bar is 100 microns.

253

Figure 215 DW1 blade A dorsal location C 100x. Scale bar is 100 microns.

254

Figure 216 DW1 blade A dorsal location A 500x. Scale bar is 100 microns.

255

Figure 217 DW1 blade A dorsal location A 100x. Scale bar is 100 microns.

256

Figure 218 DW1 blade B dorsal location E 100x. Scale bar is 100 microns.

257

Figure 219 DW1 blade C ventral location F 100x. Scale bar is 100 microns.

258

Figure 220 DW1 blade C ventral location E 100x. Scale bar is 100 microns.

259

Figure 221 DW1 blade C ventral location D 100x. Scale bar is 100 microns.

260

Figure 222 DW1 blade C ventral location C 500x. Scale bar is 100 microns.

261

Figure 223 DW1 blade C dorsal location E 500x. Scale bar is 100 microns.

262

Figure 224 DW1 blade C dorsal location E 100x. Scale bar is 100 microns.

263

Figure 225 DW1 blade C dorsal location D 100x. Scale bar is 100 microns.

264

Figure 226 DW1 blade C dorsal location B 100x. Scale bar is 100 microns.

265

Figure 227 DW1 blade C dorsal location B-2 500x. Scale bar is 100 microns.

266

Figure 228 DW1 blade C dorsal location A 100x. Scale bar is 100 microns.

267

Figure 229 DW1 blade D ventral location C 100x. Scale bar is 100 microns.

268

Figure 230 DW1 blade D ventral location A 100x. Scale bar is 100 microns.

269

Figure 231 DW1 blade D dorsal location D 100x. Scale bar is 100 microns.

270

DW2- Low moisture content rye sickle, novaculite blades

Figure 232 DW2 blade A ventral location C 100x. Scale bar is 100 microns.

271

Figure 233 DW2 blade A ventral location B 500x. Scale bar is 100 microns.

272

Figure 234 DW2 blade A ventral location B 100x. Scale bar is 100 microns.

273

Figure 235 DW2 blade A ventral location A 500x. Scale bar is 100 microns.

274

Figure 236 DW2 blade A dorsal location F 500x. Scale bar is 100 microns.

275

Figure 237 DW2 blade A dorsal location F 100x. Scale bar is 100 microns.

276

Figure 238 DW2 blade A dorsal location E 100x. Scale bar is 100 microns.

277

Figure 239 DW2 blade A dorsal location B 100x. Scale bar is 100 microns.

278

Figure 240 DW2 blade B ventral location C 500x. Scale bar is 100 microns.

279

Figure 241 DW2 blade B ventral location C 100x. Scale bar is 100 microns.

280

Figure 242 DW2 blade B ventral location B 100x. Scale bar is 100 microns.

281

Figure 243 DW2 blade B dorsal location C 100x. Scale bar is 100 microns.

282

Figure 244 DW2 blade B dorsal location B 100x. Scale bar is 100 microns.

283

Figure 245 DW2 blade B dorsal location A 500x. Scale bar is 100 microns.

284

Figure 246 DW2 blade B dorsal location A 100x. Scale bar is 100 microns.

285

Figure 247 DW2 blade C ventral location A 500x. Scale bar is 100 microns.

286

Figure 248 DW2 blade C ventral location B 100x. Scale bar is 100 microns.

287

Figure 249 DW2 blade C dorsal location C 500x. Scale bar is 100 microns.

288

Figure 250 DW2 blade C dorsal location A 100x. Scale bar is 100 microns.

289

Figure 251 DW2 blade D ventral location I 100x. Scale bar is 100 microns.

290

Figure 252 DW2 blade D ventral location H 100x. Scale bar is 100 microns.

291

Figure 253 DW2 blade D ventral location G 100x. Scale bar is 100 microns.

292

Figure 254 DW2 blade D ventral location F 500x. Scale bar is 100 microns.

293

Figure 255 DW2 blade D ventral location E 100x. Scale bar is 100 microns.

294

Figure 256 DW2 blade D ventral location A 500x. Scale bar is 100 microns.

295

Figure 257 DW2 blade D dorsal location E 500x. Scale bar is 100 microns.

296

Figure 258 DW2 blade D dorsal location E 100x. Scale bar is 100 microns.

297

Figure 259 DW2 blade D dorsal location B 100x. Scale bar is 100 microns.

298

Figure 260 DW2 blade D dorsal location A 100x. Scale bar is 100 microns.

299

Figure 261 DW2 blade E ventral location D 100x. Scale bar is 100 microns.

300

Figure 262 DW2 blade E ventral location C 500x. Scale bar is 100 microns.

301

Figure 263 DW2 blade E ventral location C 100x. Scale bar is 100 microns.

302

Figure 264 DW2 blade E dorsal location E 100x. Scale bar is 100 microns.

303

Figure 265 DW2 blade E dorsal location D 500x. Scale bar is 100 microns.
Table 2: Striation width by sickle.
WR1
2.44
2.5
2.44
2.95
4.57
0.93
3.35
0.86
1.85
5.48
7.75
6.93

WG1
DW1
DW2
DG1
1.16
7.98
5.48
1.78
1.08
12.08
5.9
1.08
1.04
4.38
5.48
0.86
0.97
4.9
7.35
2.05
1.08
7.9
3.47
2.17
1.08
8.56
7.35
1.74
0.86
1.86
6.58
3.21
0.89
1.51
6.67
1.93
0.86
1.31
5.48
2.05
4.38
1.38
6.93
0.86
3.95
1.73
4.38
1.74
0.55
1.94
5.9
2.17
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Table 2 (Cont.)
WR1
7.67
1.56
1.69
5.35
14.25
6.67
7.67
7.75
2.17
1.26
0.86
1.85
3.38
5.9
7.98
5.59
9.04
0.48
1.1
2.61
1.93
1.26
1.08
1.94
1.93
4.08
3.98
1.51
2.42
2.46
2.42
3
1.65
9.04
9.36
6.58
5.48
8.56
2.17

WG1
2.26
1.73
1.7
1.37
1.86
1.08
0.89
1.08
2.74
2.19
2.19
1.73
4.71
1.73
2.26
2.47
2.23
1.92
1.92
2.32
2.34
1.38
1.22
0.78
1.08
1.08
0.97
1.65
2.95
3.87
2.95
2.19
3.47
1.38
1.3
1.69
0.86
1.37
0.89

DW1
1.51
1.08
1.16
2.42
1.86
4.52
6.39
5.48
5.4
5.59
7.67
6.93
8.77
8.84
5.48
8.35
1.37
0.86
1.69
1.3
1.51
0.89
7.75
4.38
4.38
1.08
1.74
1.94
2.05
5.48
5.48
8.77
4.52
4.9
1.94
1.3
1.73
1.51
1.73

DW2
8.35
6.58
6.58
1.73
1.94
2.17
1.57
2.56
1.56
1.86
4.38
5.9
5.53
4.65
3.29
5.48
5.59
7.75
9.86
7.02
7.02
7.75
6.58
6.39
7.98
4.52
9.3
11.28
1.56
2.16
1.53
1.38
4.38
8.35
6.67
14.41
8.56
4.38
1.78

DG1
1.31
3.25
1.1
13.24
12.1
7.67
4.9
6.58
7.67
5.9
1.99
9.3
8.35
7.98
6.39
6.93
9.8
1.38
1.31
1.26
1.69
2.46
2.13
1.08
1.31
1.45
1.51
1.94
1.45
5.48
5.9
7.75
7.02
5.48
10.4
1.93
1.65
2.15
3.12
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Table 2 (Cont.)
WR1
1.51
2.14
7.67
9.86
4.38
8.56
6.2
5.48
0.43
7.58
1.08
1.53
10.79
5.9
7.75
6.2
4.9
8.56
5.59
6.39
6.2
7.9
4.9
1.73
1.83
5.48
4.52
5.59
5.48
3.47
8.56
1.57
1.65
0.86
1.1
1.08
1.08
1.74
1.22

WG1
5.59
2.454
5.48
5.48
6.2
4.38
4.52
5.59
5.48
0.86
1.1
0.89
1.37
1.08
1.16
1.16
1.26
0.97
1.73
0.89
1.45
0.89
0.91
1.3
1.56
7.35
4.52
4.5
2.45
2.45
4.9
3.68
0.68
0.86
3.15
0.86
1.26
0.89
0.68

DW1
4.38
4.9
6.58
5.48
5.9
6.93
4.38
4.52
5.59
5.9
4.52
1.51
1.08
3.38
3.3
1.99
0.86
1.38
1.1
1.74
6.67
1.26
1.26
4.38
4.52
4.38
4.52
4.3
1.86
1.1
5.59
4.32
5.5
1.57
0.89
0.86
1.57
5.59
6.2

DW2
1.08
1.83
3.3
2.61
2.46
1.56
0.86
1.37
5.48
7.75
13.2
2.38
1.74
1.74
1.22
1.51
4.9
8.35
4.38
6.58
1.93
1.45
1.37
1.83
1.45
1.51
3.47
6.58
7.67
9.04
4.52
9.3
5.59
3.19
2.59
2.53
2.39
2.33
1.16

DG1
4.17
1.74
1.53
1.83
5.48
8.77
7.9
8.56
6.58
9.8
0.68
0.97
1.26
1.37
1.85
2.82
1.22
1.45
1.53
1.53
1.74
9.3
7.75
9.86
2.6
2.2
1.56
1.51
1.08
2.22
1.26
1.38
5.59
6.93
5.48
4.38
4.38
8.84
7.35
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Table 2 (Cont.)
WR1
1.26
2.33
1.16
6.67
4.9
5.59
6.39
7.98
1.08
1.37
0.86
1.26
0.97
1.65
1.1
1.99
1.69
1.69
5.48
4.52
1.26
2.05
3.97
2.05
2.6
0.97
7.67
4.65
1.31
1.45
1.53
2.81
1.08
1.73
1.08
0.86
4.9
7.9
7.75

WG1
1.26
0.48
0.97
0.87
1.1
0.86
1.38
1.31
1.1
0.97
1.08
2.13
1.16
2.64
4.9
4.52
4.9
0.86
1.16
1.16
1.34
1.1
0.86
1.1
4.38
4.65
3.95
4.52
0.86
1.3
1.53
1.08
1.85
1.1
1.1
0.86
2.42
2.05
1.73

DW1
15.56
11.8
6.58
8.77
4.52
11.01
10.96
8.35
6.58
8.56
5.59
7.35
4.38
4.9
5.59
4.52
8.84
6.58
6.58
6.93
5.48
4.9
5.48
7.67
5.48
1.51
1.1
10.1
7.75
6.67
7.9
5.59
10.96
3.03
2.61
1.53
6.93
5.59
6.67

DW2
4.9
4.52
6.67
13.2
7.9
4.9
4.38
4.52
1.74
0.92
1.42
1.83
1.56
1.08
1.53
1.53
1.3
1.65
5.48
13.2
4.38
7.35
4.65
5.48
4.38
6.58
4.52
1.56
1.93
4.9
5.48
1.16
1.65
2.16
2.13
1.37
1.3
4.65
4.38

DG1
5.9
6.67
7.35
2.38
1.86
1.96
1.53
1.65
1.1
1.56
2.16
1.37
0.89
13.8
6.93
1.69
2.42
2.26
1.22
1.99
1.94
0.86
1.56
0.97
1.99
10.1
5.48
5.9
5.9
2.38
2.67
1.31
1.99
1.74
2.16
2.17
1.69
1.56
1.69
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Table 2 (Cont.)
WR1
1.51
1.99
9.3
4.9
7.9
6.58
5.32
0.89
1.73
1.1
2.46
1.08
1.1
1.73
7.75
4.52
4.5
9.04
7.75
6.39
11.37
8.35
3.1
1.93
1.99
2.38
1.75
1.45
10.1
4.52
6.67

WG1
1.08
0.78
2.38
2.67
0.86
4.38
4.52
1.74
1.31
2.16
5.48
4.38
3.47
3.4
4.9
4.9
4.38
1.3
0.89
0.97
5.48
3.95
5.48
6.2
1.45
4.52
5.59
3.47
1.86
1.08
4.5
6.93

DW1
6.39
13.33
7.75
1.57
1.31
1.51
1.86
2.2
2.46
5.59
10.4
7.02
5.48
7.98
7.35
8.84
7.98
4.9
5.48
6.58
4.52
5.48
6.58
2.17
1.73
1.94
1.08
1.3
1.94
2.54
1.3
4.51

DW2
4.52
1.08
1.08
1.38
5.59
4.38
5.9
6.58
1.3
1.38
1.22
1.16
1.08
1.74
1.53
1.26
1.16
5.48
6.67
1.53
1.31
2.33
1.73
1.3
1.51
1.51
1.08
1.16
2.3
2.77
8.84
5.9

DG1
2.42
2.2
1.56
2.34
1.53
1.56
7.02
5.48
5.59
1.38
1.65
1.8
0.86
1.22
1.96
1.83
7.75
5.48
9.86
5.56
1.86
2.04
1.37
2.44
1.69
7.02
4.52
5.48
1.74
1.31
1.99
1.38
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